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ABSTRACT

High, year-round demand, increased production intensity without crop rotation,
and the loss of Methyl Bromide as a soil fumigant, results in unfavorable soil conditions
with increased soil pathogen populations for growing watermelon [Citrullus lanatus
(Thunb) Matsum and Nakai]. Grafting watermelon onto resistant rootstocks provides
successful control of soil-borne pathogens, and could increase yield and fruit quality;
however, the high production costs, especially from labor, involved in grafted transplant
production, has prevented the adoption of grafted watermelon use in the United States.
Much of the labor is required for meristematic regrowth control, which can cause
abortion of the scion and competition in the field if not removed. Treating rootstock
meristems with fatty alcohol has been shown to plasmolyze the meristem and prevent
regrowth, while leaving the rootstock seedling intact for grafting. A rate trial experiment
was conducted to determine the optimal application concentration of fatty alcohol
compound, and determined that a rate between 5.00% and 6.25% fatty alcohol best
controlled regrowth without causing damage that prevented rootstocks from being grafted
successfully.
A second experiment was designed to determine the effects of the fatty alcohol
treatment on rootstock size and carbohydrate storage. On 1, 7, 14, and 21 days after fatty
alcohol treatment, rootstocks were observed to increase in size and carbohydrate content,
with starch being the most notable increase. Starch content of interspecific hybrid squash
(Cucurbita maxima × C. moxchata) rootstock hypocotyls increased 193-fold, and 109fold in cotyledons of bottle gourd (Lagenaria siceraria) rootstocks. This increase in
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stored carbohydrate energy can be harnessed by the plant to provide energy. Seven days
after treatment, we observed a 6% and 10% increase in graft success in interspecific
hybrid squash and bottle gourd rootstocks, respectively, that were grafted using the
industry-standard, one-cotyledon method. The increased starch content also provided
sufficient energy to successfully graft using a new, more efficient grafting method
without the rootstock cotyledons.
A final experiment was conducted to determine whether increased carbohydrate
content resulting from rootstock fatty alcohol treatment conferred an advantage to grafted
watermelon transplants in the field. No significant advantages in plant growth or fruit
yield were observed. Rootstock fatty alcohol treatment effectively controls regrowth and
increases watermelon grafting effectiveness and efficiency by causing the rootstocks to
store carbohydrates which provide energy for graft healing and new grafting methods;
however, the rootstock treatment does not confer an advantage in field conditions.
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A GIRL’S GARDEN
A neighbor of mine in the village
Likes to tell how one spring
When she was a girl on the farm, she did
A childlike thing.

And hid from anyone passing.
And then she begged the seed.
She says she thinks she planted one
Of all things but weed.

One day she asked her father
To give her a garden plot
To plant and tend and reap herself,
And he said, "Why not?"

A hill each of potatoes,
Radishes, lettuce, peas,
Tomatoes, beets, beans, pumpkins, corn,
And even fruit trees.

In casting about for a corner
He thought of an idle bit
Of walled-off ground where a shop had
stood,
And he said, "Just it."

And yes, she has long mistrusted
That a cider-apple
In bearing there today is hers,
Or at least may be.
Her crop was a miscellany
When all was said and done,
A little bit of everything,
A great deal of none.

And he said, "That ought to make you
An ideal one-girl farm,
And give you a chance to put some
strength
On your slim-jim arm."

Now when she sees in the village
How village things go,
Just when it seems to come in right,
She says, "I know!

It was not enough of a garden
Her father said, to plow;
So she had to work it all by hand,
But she don't mind now.

"It's as when I was a farmer..."
Oh never by way of advice!
And she never sins by telling the tale
To the same person twice.

She wheeled the dung in a wheelbarrow
Along a stretch of road;
But she always ran away and left
Her not-nice load,

-- Robert Frost
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CHAPTER ONE
LITERATURE REVIEW
INTRODUCTION
An economically important crop, watermelon [Citrullus lanatus (Thunb) Matsum
and Nakai] is grown worldwide on over six million acres which produce over 50 million
tons of fruit per year (Maynard 2001). The United States is one of the top six
watermelon-producing countries, with a production value of over $543 million in 2011
(USDA NASS 2012). Because of high, year-round demand and increased production
intensity without crop rotation, watermelons are often grown in unfavorable soil
conditions of increased soil pathogen population (Louws et al. 2011; Davis et al. 2008).
Grafting onto resistant rootstocks provides successful control of soil-borne pathogens,
and could increase yield and fruit quality (Alan et al., 2007, Davis and Perkins-Veazie,
2005; Rouphael et al., 2010).
Grafting shows great potential in United States watermelon production. However,
grafted seedlings are not currently used because of the increased cost of labor required for
transplant production. Of these costs, rootstock meristem re-growth is a major concern, as
it can lead to abortion of the scion and transplant loss in the field. Typically, the regrowth is controlled by hand via pinching, which is not a practical option in the U.S.
However, the application of fatty alcohols to inhibit the growth of the rootstock shoot
apical meristem may provide a cost- and labor-saving solution to this problem. This
report proposes five specific research objectives to better understand the use of fatty
alcohols on watermelon rootstock: 1) determine the optimal manual application rate for
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two commonly used rootstocks, 2) determine the optimal mechanized application rate for
the same rootstocks, 3) study the effects of meristem inhibition on cotyledon and
hypocotyl size and carbohydrate content over time, 4) determine the effects of rootstock
meristem growth inhibition and rootstock age on graft success, and 5) determine the
effects of rootstock meristem growth inhibition on transplant success, yield, and fruit
quality in the field.

BACKGROUND
Research on grafted watermelon began in Asia in the 1920s using pumpkin
[Cucurbita moschata (Duchesne ex Lam.) Duchesne ex Poiret] and bottle gourd
[Lagenaria siceraria (Molina) Standl.] rootstock (Davis et al. 2008), and the technology
was applied to watermelon production there in the 1960s (Kubota et al, 2008). Grafting
began to be used commercially by the 1950’s in Europe, with melon (Cucumis melo L.)
and cucumber (Cucumis sativus L.) scion being grafted onto figleaf gourd (Cucurbita
ficifolia Bouché) (Davis et al. 2008). The use of grafted seedling continues to increase.
Currently, China produces more than half of the world’s watermelons, approximately
20% of which are grafted (Davis et al. 2008). In Japan and Korea, the grafted percentage
is reported as more than 95% (Lee, 1994; Lee and Oda, 2003). Grafted seedlings were
first introduced in the United States during the 1996-97 season (Davis et al. 2008), but
the availability of soil fumigants and the low intensity of land use kept grafted
watermelon from being widely accepted (Lee 1994). When the soil fumigant methyl
bromide was completely phased out in 2005 per the United States’ obligations under the
Montreal Protocol on Substances that Deplete the Ozone Layer and the Clean Air Act
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(EPA, 2012), the potential of grafted plants for disease control, as well as cost- and laborsaving changes to grafting methods, became an important topic of study for disease
control.

Grafting Methods
Grafting methods currently used continue to be improved upon, and now are
being automated through the use of grafting robots to produce on the scale necessary to
meet consumer demand (Hassell et al. 2008). Both manual and robotic grafting methods
are used as commercial production techniques (Hassell et al. 2008). Before grafting, one
must consider scion-rootstock compatibility, which typically is related to taxonomic
affinity, poor vascular connection formation, and age of both scion and rootstock (Hassell
et al. 2008). In general, rootstock and scion seedlings are each wounded to expose
vascular cambium, then joined together to heal. To ensure compatibility, rootstock and
scion seed must be planted 5-7 days apart so that both are as equal in physiologic
development as possible at the time of grafting (Hassell et al. 2008). The four prominent,
currently-used methods have been described by Hassell et al. (2008) as 1)tongue
approach, where scion and rootstock hypocotyls are wounded, joined, and allowed to heal
before severing the union from the unnecessary portions of the original plants; 2)holeinsertion, in which the rootstock meristem is removed, a hole is punched into the old
meristematic area with a bamboo needle, and the scion (cut at the end to both sharpen and
expose vascular cambium tissue) is inserted into the prepared rootstock; 3)one cotyledon,
where the rootstock’s meristem and one cotyledon are removed, and the cut scion
hypocotyl is adjoined to the resulting wound, stabilized with a clip, and allowed to heal;
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and 4)side grafting, where the prepared scion (with two cut surfaces) is inserted into a cut
slit in the rootstock hypocotyl and allowed to heal before removing the rootstock
cotyledons.
Hole-insertion grafting is convenient for watermelons because of their small
seedling size compared to the size of rootstock seedlings, such as gourd and squash (Lee
1994). During healing time, a healing chamber is essential to provide necessary
conditions (light, humidity, temperature) for high survival rates and strong graft union
formation (Hassell et al. 2008). Other considerations must be taken to ensure graft
success. Once the graft has healed, plants should be transplanted before they reach 33
days old, and must be planted in such a way that the graft union is above soil level to
prevent adventitious root formation from the scion (Hassell et al. 2008) As previously
mentioned, scion and rootstock physiology are essential to graft success. Because of this,
timing is a crucial part of the grafting method.

Benefits: Disease Control
Grafting has been used to manage serious soilborne pathogens, including
Fusarium, Verticillium, Pseudomonas, Monosporascus root rot and vine decline,
Macrophomina, other fungi, oomycete and bacterial pathogens, nematodes, and viruses
(Lee 2004; Koren and Edelstein 2004; Louws et al. 2011). ‘Fusarium wilt’ is one of the
most serious watermelon diseases, causing a great deal of damage and loss in the United
States and worldwide. Grafting onto ‘Mamouth’ and ‘Nun 9075 RT’ was effective in
controlling Fusarium wilt when used with application of calcium cyanamide (Bletsos
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2005). Miguel et al. (2004) found ‘Shintoza’ rootstock to be an effective control of
“fusarium wilt” as well.
Grafting has been shown to control pathogens via non-host resistance, vertical and
horizontal host resistance, soil microbe population changes, increased root system vigor,
and grafting-induced systemic defense (Guan et al. 2012). Intraspecific rootstock confers
specific, major-resistance genes that may be overcome by indigenous or novel races of
the compatible pathogen, while interspecific or intergeneric rootstock contributes either
multigenic or non-host resistance (Guan et al. 2012; Louws et al. 2011). Experiments
performed by Biles et al. (1989) support the hypothesis that disease-resistant rootstock
synthesizes resistance substances in the rootstock and transports them to the scion via the
xylem. The effect of grafting, as well as the role of the scion, on rootstock resistance, has
not been well-characterized (Guan et al 2012). Further studies exploring these areas will
bring a clearer understanding of grafting-conferred disease resistance.
Grafting as a method of disease control can be more successful than conventional
disease resistance. The breeding programs to develop these cultivars require a great deal
of time. In addition, their resistances are controlled by a single gene, and could be easily
overcome by simple mutations in the target pathogen (Davis et al. 2008). The grafting
process is comparatively simple and rapid, and could provide a more complex resistance
that is less-easily overcome. Conventionally-resistant cultivars are available for many
diseases, including fusarium wilt, but no one cultivar is resistant to all races of a disease,
or all diseases (Maynard 2001). Additionally, the resistant cultivars’ fruit is often of a
lower quality (Louws et al. 2011), making them impractical for production. Grafting
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takes advantage of the more generalized resistance in other cucurbits, and allows for a
more successful disease control than resistance alone. Grafting to control disease offers a
faster, more effective alternative to disease control and should be used in conjunction
with conventional resistance.

Benefits: Yield and Fruit Quality
In general, grafting exhibits varied effects on yield and fruit quality, depending on
the rootstock-scion combination. Even within specific rootstocks, beneficial effects may
only be observed under certain environmental conditions or seasons (Louws et al., 2011).
The patterns of observed effects can be generalized to the taxonomic affinity of the
rootstock and scion.
Interspecific rootstocks tend to maintain fruit quality, while intraspecific or
intrageneric rootstocks decrease it (Guan et al. 2012; Louws et al. 2011) as a result of
their effect on fruit pH, flavor, sugar, color, carotenoid content, and texture (Davis et al.,
2008). Two different hybrid fusarium-resistant rootstocks (‘Mamouth’ and ‘Nun 9075
RT’) increased melon fruit number per plant, root biomass, and marketable yield, but did
not significantly affect fruit size relative to control when grown in fusarium-infested soils
(Bletsos, 2005). While specific rootstock-scion research has been done to understand the
effects of grafting on yield, additional research is needed to understand the driving force
behind the cultivars that improve yield and quality compared to those that negatively
affect it.
The increase in harvest time, and therefore yield, is due both to the pathogen
resistance contributed by the rootstock, as well as an increased vigor due to increased
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water, oxygen, and mineral uptake (Lee, 1994; Masuda and Gomi 1984). Yield may be
dependent upon pathogen pressure. Louws et al. (2011) reported that use of disease
resistant rootstock when target pests are not present may negatively affect yield. Miguel
et al. (2004) demonstrated a 3.2-fold increase in yield over an eight-year study when
watermelons were grafted onto ‘Shintoza’ rootstock. Still other data illustrated an
increased vegetative growth in grafted plants, without significant effects on fruit quality
and yield (Bekhradi et al. 2011).

Grafting Costs
Additional expense is incurred concerning grafted vs. non-grafted transplants;
among these are increased numbers of plants, additional space and supplies, healing
chambers, and increased labor force to control rootstock regrowth due to the incomplete
removal of the rootstock apical meristem tissue. Because of these, the generation of
grafted watermelon seedlings is more labor-intensive, and ultimately more costly to the
producer, grower, and consumer. Rootstock re-growth, occasionally termed ‘suckering,’
is a major concern (Guan, 2011) and can result in scion abortion and graft failure.
Unchecked, rootstock re-growth could decrease yield by robbing the scion of water and
nutrients. In areas with intensive production of grafted seedlings, regrowth is typically
removed by hand. In the United States, where labor is more costly, a more efficient
method is required for commercial production of grafted transplants.
Little has been done to address the issue of rootstock re-growth in cucurbits. In
grafted tomato, where suckering is also an issue, the graft union point has been moved
from above the cotyledons to the hypocotyl below; an effective method of altogether

7

avoiding the meristematic tissue (Bausher 2011). However, because cucurbit cotyledons
play an essential role in watermelon grafting, their total removal is not a viable option
using standard grafting procedures.

Cotyledon Importance
Cotyledons are essential to early seedling development, serving as the initial
energy source both before and after it emerges (Bisognin et al. 2005). The endosperm in
the seed only supports the germinating plant, while the cotyledons’ photosynthetic
activity is essential to the further development of the seedling (Penny et al. 1976).
With a higher CO2 exchange rate per area than true leaves, cucurbit cotyledons
appear to be more specialized than leaves (Lasley and Garber 1978). After emergence,
the cotyledons continue to expand from 14- (Bisognin, et al. 2005) to 50-fold (Lovell and
Moore 1970). This high rate of expansion and growth involves not only an increase in
cell size, but also in cell number that leads to the development of functional stomata on
both sides of the cotyledon after emergence (Lovell and Moore 1970; Bisognin et al.
2005). At full development, when cotyledons are actively photosynthetic, they are
involved in up to 80% of the CO2 fixation (Lasley and Garber 1978) that will supply
needed carbohydrates and metabolites (Mayoral et al. 1985) to the developing plant
tissue.
Because of their highly specialized role, Bisognin et al. (2005) suggest that
cotyledons should not be damaged until leaf surface area is equivalent to cotyledon
surface area to prevent a decreased CO2 exchange, which would greatly delay plant
development. They further suggest that sub-soil tissue appears to have a greater
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dependence on cotyledons (Bisognin et al. 2005). In a study to better understand the
effect of cotyledons on the distribution of carbohydrates, Mayoral et al. (1985) found
opposite affects between a 12-day-old and an 18-day-old seedling, and concluded that the
first major photosynthate sink is the developing leaf; once it has reached approximately
25% of its final area, the photosynthates shift to the root system. Lasley et al. (1978)
found a rapid decrease in CO2 exchange rate 18 days after cotyledon emergence,
signifying that the plant is no longer solely dependent on the cotyledons as a
carbohydrate source.
Once cotyledons are no longer needed for seedling development, they begin to
senesce; however, they can revive if necessary. Mishev et al. (2005) found that after the
onset of senescence, the decapitation of the epicotyls restored the functionality of the
chloroplasts and, in essence, reversed the cotyledons’ expiry. Another study found that
dark-induced senescence and restoration was related to the levels of physiologically
active cytokinins and their nucleotides (Ananieva et al. 2004).
Because of their importance in seedling development, cotyledons may also play
an important role in creating a strong graft union. Asahina et al. (2002) found that the
cotyledons appear to play a role in hormonal regulation or synthesis: removal of the
cotyledons strongly inhibited cell division during tissue reunion post-wounding.
Application of gibberellin (GA, 10[-]4 M GA3) to the cotyledon-less apical tip of the
plant reversed this inhibition, and normal tissue reunion was observed (Asahina et al.
2002). In addition, the cotyledons play an important structural role in the grafting
process, and must be self-supporting to ensure a clean cut and a successful graft.
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Control of Rootstock Re-Growth by Fatty Alcohols
Commonly, grafting is done before the first true leaf reaches full development for
both scion and rootstock (Lee 1994; Hassell et al. 2008). In addition to developmental
compatibility, this also ensures a young rootstock meristem that is less likely to grow
back when removed with the razor blade in the grafting cuts. This phenomenon, termed
“rootstock re-growth” is a major roadblock to incorporation of grafting in the United
States, and its current prevention method of hand-picking the re-growth is costly and
labor-intensive.
In addition to grafted watermelon, meristem growth is also a problem in tobacco
production. When the tobacco plants begin to produce flowers, the shoot apical meristem
(with the flower buds attached) is removed, and the axillary buds begin to produce
shoots, called ‘suckers’ (Fisher et al. 2011). Sucker growth must be inhibited to promote
leaf growth and maximize the harvest. Some commercially-available sucker control
chemicals comprise a mixture of fatty alcohols of chain length C-6, C-8, C-10, and C-12.
Fatty alcohols consisting of chain lengths of 9-16 carbons were found to be the most
successful in preventing apical and axillary meristem growth in tobacco (Steffens et al.
1967). Fatty alcohols also have been shown to control root growth of woody rootstocks.
Straight-chain fatty alcohols (Off-Shoot-T85; Chemtura Agrosolutions, Lawrenceville,
GA) were found to control root suckers on apple tree rootstock (Miller 1977). The fatty
alcohols can also be mixed with other growth regulators to provide suckering control. A
proprietary mixture of either 2% fatty alcohol solution, 0.25% naphthaleneacetic acid or
1% fatty alcohol solution, 0.125% naphthaleneacetic acid was found to reduce and
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prevent rootstock re-growth in apple rootstock (Jacyna et al. 2000). Fatty alcohols have
been shown to control side shoot growth in tomato (Tucker and Maw 1975), but have not
been tested widely on other vegetable crops.
Because fatty alcohols act by plasmolyzing cell membranes in surface layer cells
without penetrating deeply into the tissue, they must be applied directly to the leaf axils,
avoiding contact with leaves and reproductive organs (Wheeler at al. 1991; Logendra et
al. 2004). As they do not penetrate deeply, only the meristematic area is affected, and the
vascular tissue below remains intact. When applied to watermelon seedling shoot apical
meristems, fatty alcohol solutions should effectively plasmolyze meristematic tissue
without seriously damaging the cotyledons; however, the most effective rate of
application, age of rootstock, and the effect of the chemical on graft healing will need to
be determined.
No information is available concerning the effect of fatty alcohol applications for
meristem removal, or rootstock ‘blinding,’ on yield or fruit quality in cucurbit grafting
systems. Interlandi (2002) used a fatty alcohol (rate of 20 mL/L) with flumetralin (rates
from 5-20 mL/L) on burley tobacco, and found that the fatty alcohol inhibited shoot
growth effectively, but decreased yield by 4% in comparison with manual control. The
addition of fumetralin showed a slight improvement of shoot control, but no effect on
yield (Interlandi 2002). Some chemical control treatments also decreased tobacco quality
(as determined by color brightness, saturation, and hue) (Interlandi, 2002). Under
conditions in which assimilates may be limited by environmental factors, or as a result of
a high level of competition from other fruit, preventing side shoot development can result

11

in increased crop yield (Logendra et al. 2004). Further study is necessary to determine if
these results would be similar in a grafted watermelon system.

RESEARCH OBJECTIVES
Further research is necessary to better understand the potential of chemical
meristem inhibition. The research will have the following objectives: 1) determine the
best compound and optimal hand-applied rate of application for two commonly-used
rootstocks; 2) determine the effect of meristem inhibition on cotyledon size, area, and
mass, as well as hypocotyl size, area and mass; 3) determine the effect of rootstock age
and meristem inhibition on graft success using both the one-cotyledon method and a new
method that removes both cotyledons and utilizes only the rootstock hypocotyl; and 4)
determine the effect of rootstock age and meristem inhibition on transplant success, yield,
and fruit quality in field conditions.

Objective One
The first experiment will determine the best compound and application rate of
meristem-blinding compound for each of two commercially-used rootstocks: bottle gourd
[Lagenaria siceraria (Mol.) Standl] and an interspecific squash hybrid (Cucurbita
maxima × C. moschata). Rootstock seedlings will be treated with six rates of either
compound A or compound B, with rates ranging from 0.5-1.75 mL (for bottle gourd
rootstocks) and 2.0-3.25 mL (for the interspecific hybrid rootstocks) per 20 mL water.
Both rate treatments will be in increments of 0.25 mL. There will be eighteen seedlings
per treatment, and the experiment will be replicated three times. Seedlings will be sown
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into 72-cell trays using a fertilizer-free mix (Sun Gro Horticulture, Agawam, MA), and
will be treated 7-10 days post seeding. To treat, 20 µL of compound A or B will be
applied to the shoot apical meristem at the appropriate rate. Each seedling will be
assessed at 1, 7, 14, and 21 days post-blinding, and will be graded in two categories: plant
graftability (0=cotyledon(s) self-supporting, 1=cotyledon(s) drooping) and meristem regrowth (0=no visible re-growth; 1=visible re-growth). The ratio of ‘self-supporting’ to
total treated, as well as the ratio of plants that exhibited zero re-growth to the total
treated, will be calculated and used in the statistical analysis. The optimal rate range will
prevent meristematic re-growth completely, while still leaving the seedling viable for
grafting.

Objective Two
Once the ideal rate is determined, the effects of meristem blinding on the seedlings’
cotyledon size and weight, as well as hypocotyl size, weight and carbohydrate stores over
time will be determined. Seeds will be sown into a 72-cell tray using a Fafard 3-B
fertilizer-free mix. An equal number of control plants will be planted. Rootstock
treatment ‘blinding’ will occur 7-9 days post-seeding, and tissue harvests and
measurements will occur at days 1, 7, 14, and 21 post-blinding, The following series of
measurements will be taken: cotyledon area (cm3) and thickness mm, hypocotyl
thickness, cotyledon and hypocotyl fresh and dry weights,. Hypocotyl and cotyledon
tissues will be dried and weighed. Mean weights and measurements will be analyzed to
determine the total soluble carbohydrate (glucose, sucrose, fructose, fructan, and starch)
content, hypocotyl tissues will be homogenized and total soluble carbohydrates will be
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converted to glucose using the methods outlined by Zhao et al (2010). A microplate
reader will be used to analyze the samples, and concentrations will be determined by a
glucose standard curve. Glucose amounts will be converted to units of ‘mg
carbohydrates/gram plant tissue’ by comparing them to the recorded dry weight of the
hypocotyl.

Objective Three
To determine the effect of rootstock blinding time on grafting and re-rooting
success, rootstock seedlings will be treated with fatty alcohol and grafted 1, 7, 14, and 21
days post-treatment. Two experiments will be conducted: the first, using the onecotyledon grafting method, and the second, using a new grafting method removes both
cotyledons. In the first experiment, non-grafted Tri-X 313 seedless watermelon scion
(Syngenta Seeds, Boise, ID) will be used as a control, and in the second, un-treated
rootstock will be used as a control. To measure re-rooting success, each grafted plant will
be cut at soil level and placed in new soil/rooting medium, and then allowed to heal in a
healing chamber for 7 days. In the first experiment, control plants will not have their
roots excised. Upon removal from the healing chamber, and 7 days post-removal,
grafting success will be determined by assessing healing of the graft union (0 = healed, 1
= not healed). Re-rooting success will be determined by a visual inspection of the
rootstock (0=re-rooted, 1=not re-rooted), root count, and dry weight of root tissue.
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Objective Four
Finally, to determine whether rootstock age has an effect on success of grafted
seedlings in the field, a field trial consisting of grafted seedlings using rootstock of four
varying ages: 1, 7, 14, and 21 days after planting will be conducted. Each age of
rootstock will be treated with fatty alcohol at the same age (when cotyledons are
unfolded), grafted at the same time, and grafted to scion of all the same age. Non-grafted
watermelon seedlings will be used as a control. Seedlings will be planted in fields at the
Clemson University Coastal Research and Education Center in Charleston, SC. Graft
success will be measured by transplant survival in the field at two weeks post-planting.
Transplants will be planted in April 2013 into six-foot beds mulched with black plastic.
Survival of transplants will be recorded every two weeks until harvest, and compared to
control survival. At the end of the season (July 2013), yields will be recorded and
compared to yields of control (non-grafted) plants.

Data Analyses
Data analyses will be performed using JMP 10.0 software (© SAS Software,
2010).

CONCLUSION
The use of grafting in U.S. watermelon production has a great potential for
disease control, as well as improving yield and fruit quality. However, high costs of
production and labor prevent the use of this technology. A main source of the increased
cost is rootstock re-growth, which decreases grafting success and transplant survival in
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the field by abortion of the scion. Chemical control of rootstock regrowth by using fatty
alcohols to inhibit shoot apical meristem growth could be an effective method to address
this problem. It is important to research this control method with the intention of
determining the following: 1) the best hand-applied rate and compound, 2) the best
mechanical application method, 3) the effect of blinding on cotyledon and hypocotyl size
of the rootstock, 4) the effect of blinding and rootstock age on graft success, and 5) the
effect of blinding on transplant success, yield, and fruit quality in the field. The proposed
research would provide information to producers and, by reducing costs and labor
requirements, aid in the acceptance of using grafted watermelon in the United States
watermelon production industry.
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CHAPTER TWO
FATTY ALCOHOL APPLICATION TO CONTROL MERISTEMATIC REGROWTH
IN BOTTLE GOURD AND INTERSPECIFIC HYBRID SQUASH ROOTSTOCKS
USED FOR GRAFTING WATERMELON
INTRODUCTION
Grafted watermelon transplants are an important part of world-wide watermelon
production because they confer resistance to soil-borne diseases such as Fusarium wilt
(Fusarium oxysporum f. sp. niveum) and Monosporascus root rot (Monosporascus
cannonballus), (Beltran et al., 2008, Guan et al., 2012, Louws et al., 2010). Grafting can
also control root-knot nematode (Meloidogyne spp) using wild watermelon (Citrullus
lanatus var. citroides) or Cucumis metuliferus as a rootstock (Sigüenza et al., 2005, Thies
et al., 2010). In addition to disease resistance, grafting watermelon onto vigorous
rootstocks provides various other benefits, including increased yield and fruit quality
(Ozlem et al., 2007), increased resistance to abiotic stresses (Savvas et al., 2010),
decreased planting densities (Cushman and Huan, 2008), and increased nutritional
components (Davis and Perkins-Veazie, 2005). Currently, the United States is one of the
few countries worldwide that does not use grafted cucurbit transplants in commercial
production. A key reason for this is that soil fumigants have been available at modest
costs while there is high cost associated with grafted transplants (Edelstein, 2004).
However, the loss of the widely-used and inexpensive soil fumigant methyl bromide due
to the Montreal Protocol and the Clean Air Act (EPA, 2012) has made the use of grafted
watermelon transplants a more attractive option for producers looking for a solution to
soil-borne diseases and pests. Of the 105,000 acres of seedless watermelon planted in the
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United States in 2012 (U.S. Department of Agriculture (USDA), National Agricultural
Statistics Service, 2012) five percent (5,250 acres) was reported to be affected by
Fusarium wilt, (Dean Liere, Syngenta Corporation, Personal Communication). As arable
land for rotation decreases, the percentage of Fusarium-infested soils will continue to
rise. Currently, no control options are available other than grafted transplants; however,
their increased cost remains the major impediment to adoption in United States
production.
The two most common commercially-used grafting methods (over 90%) are the
hole-insertion and the one-cotyledon method (Hassell et al., 2008). These methods
require at least one cotyledon to remain intact to ensure graft success (Bisognin et al.,
2005, Hassell et al., 2008), and both require manual meristem removal with a blade
during grafting. This method often only partially removes the meristem, and meristem
regeneration occurs. The extent of meristem regeneration varies widely, and is
dependent upon the method used, timing of grafting, and the experience of the individual
doing the grafting.
Rootstock meristem regrowth also contributes greatly to the cost associated with
grafted watermelon transplant production (Choi et al., 2002, Memmott and Hassell, 2010)
because it decreases graft success and requires additional labor to control. If the
regrowth is not removed manually during production, it will out-compete the watermelon
plants (the scion) for light, space, and nutrients, preventing effective healing. In the field,
unremoved regrowth can also affect yields by competing with the scion. Even if the
regrowth is removed at the transplant stage, additional labor is required to scout and
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remove re-growth in the field. The labor required for manual regrowth control makes
grafted transplants economically impractical for commercial production in the United
States. Because grafted transplant production is not currently taking place in the United
States, it is unclear what the specific production costs would be. Regardless, a labor-free
method of eliminating meristematic regrowth should significantly reduce the overall cost
of grafted watermelon transplant production and might help to increase the adoption of
grafted cucurbit transplants in the U.S.
Chemical inhibition of the meristem region of rootstocks would not only decrease
the labor required for grafted transplant maintenance, but would address the variance in
regrowth based on grafter skill, timing, and method. However, acceptable removal of the
meristem without damaging the rootstock cotyledons has been a challenge. Preserving
the quality of the cotyledons is essential, as cucurbit seedlings rely heavily on at least one
cotyledon to supply energy for growth and establishment (Bisognin et al., 2005). A
chemical treatment would be acceptable for use only if it could destroy the meristem
without damaging the cotyledons, which would provide the energy required for rootstock
health and graft healing.
Previous studies (Choi et al., 2002) have examined silver nitrate and hydrogen
peroxide applications to the meristem region of cucurbit rootstocks, but the application
resulted in unacceptably low rootstock survival. Other preliminary research of chemicals
including maleic hydrazide, oryzalin, sulfuric acid, and fatty alcohols indicated that only
the fatty alcohol successfully destroys the rootstock meristem without damaging the
rootstock cotyledons (Hassell, unpublished data). This promising method of regrowth
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control (U.S. Provisional Application No. 61/647,312) involves applying a dilute C6, C8,
C10, C12 fatty alcohol solution to the meristem area of a rootstock seedling, where it
destroys only the rapidly-dividing meristem tissue (Steffens et al., 1967) to prevent
regrowth while the rootstock seedling remains viable for grafting. Commercially
available fatty alcohol products are used on tobacco to control axillary meristem growth
(suckers) after topping. The compound acts by disrupting the cell’s plasma membrane,
causing plasmolysis of the cells and desiccation of the tissue (Wheeler et al., 1991).
While the mode of action on tobacco is understood, the specifics of fatty alcohol
applications on cucurbit rootstock tissues have not been characterized. The first objective
of this experiment was to determine the optimal application rate of commercially
available fatty alcohol compounds that would control rootstock regrowth without
damaging the rootstock cotyledons and thus, their potential for grafting. The second
objective was to determine whether the fatty alcohol treatment affected the graft success
of the rootstocks.
MATERIALS AND METHODS
Plant Material
Seeds of two rootstocks commonly used in Asia and Europe: bottle gourd
(Lagenaria sicereria cv. ‘Emphasis’) (Syngenta Seeds Boise, ID) and interspecific hybrid
squash (Cucurbita maxima × Cucurbita moschata cv. ‘Carnivor’) (Syngenta Seeds
Boise, ID) were sown in 72-cell, TLC polyform plug flats (cell depth: 5.72 cm, top cell
diameter: 3.96 cm, bottom cell diameter: 2.54 cm) (TLC Polyform Inc., Minneapolis,
MN) using a nutrient-free, soilless mix (75% sphagnum peat, 25% perlite) (Sun Gro
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Horticulture, Agawam, MA). Seeds were sown on four planting dates, once each week of
August 2012, following standard greenhouse production practices (Rutledge, 2009).
Seedlings were grown in a standard, double-layer polyethylene greenhouse covered with
6 mm Klerk’s K50 clear plastic (Klerks Hyplast, Inc. Chester, SC). The greenhouse
contained a gas heating system to supply heat and exhaust fans to remove heat.
Minimum temperatures were set at 15° C and the exhaust fans were set to power on when
greenhouse temperatures reached 21° C.
Experimental Design and Data Collection
A split-split-plot design was used, with the four planting dates as the whole plot
factor, compounds applied to half-trays, (compound type being the sub-plot factor) and
rates randomized within compound (rates being the sub-sub-plot factor). Three trays
total were used to complete each replication. Each planting date consisted of three
replications of 18 individual plants per compound type and rate treatment combination,
resulting in a total of 54 plants (observations) per planting date.
Seedling Treatment
Two commercially available, concentrated fatty alcohol stock solutions, Fair 85®
(Fair Products, Inc.; Cary, NC) and Off-Shoot T® (Chemtura Corporation;
Lawrenceville, GA), were used in the experiment. Both products contain identical active
ingredients (C6-0.5%, C8-42%, C10-56%, and C12-1.5%) according to the labels.
Emulsions were prepared by diluting fatty alcohol in distilled water according to the
dilutions presented in Table 1. Rates were based on a 20 mL total volume.
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Fatty alcohol treatment began when rootstock seedling cotyledons were
completely unfolded and the first true leaf was visible (six to eight days after seeding for
bottle gourd, and five to seven days after seeding for interspecific hybrid). This is the
standard rootstock age for grafting (Hassell et al. 2008). Twelve hours prior to treatment,
trays of plants were removed from the greenhouse and transferred to a climate-controlled
room to acclimatize seedlings to a standard environment. Temperatures were maintained
at a constant 23 ⁰C, and relative humidity was maintained at a range of 50 to 70%.
Single-channel pipettes (VWR International LLC; Radnor, PA, USA) were used to apply
20 µL of the emulsion to the meristematic region between the cotyledons. In previous
experiments, this volume was found to be the amount that covered the meristematic
region of the rootstock without the compound overflowing the area and dripping down
the hypocotyl. Seedlings remained in the controlled environment five hours following
treatment, 2.5 times greater than the 2 hr. time frame reported by Wheeler et al. (1991) to
be required for the fatty alcohol to penetrate leaf tissue.
Because at least one cotyledon is required for grafting success (Bisognin et al.,
2005, Memmott, 2010), it was necessary to determine the effect of the fatty alcohol
application on cotyledon damage as well as on regrowth control to ensure rootstock
quality for grafting. For cotyledon damage, a rating of 0 was assigned to seedlings with
no visible damage (Fig 1A), while seedlings with damaged cotyledons were assigned a
rating of 1 (Fig 1C). For regrowth response, rootstock seedlings with no meristematic
regrowth were assigned a regrowth rating of 0 (Fig 1A), and a rating of 1 was assigned to
seedlings with visible meristematic regrowth (Fig 1B).
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Preliminary research revealed that some cotyledons recover from damage
incurred by the fatty alcohol and are able to be successfully grafted (Hassell, unpublished
data). The rootstock regrowth also occurs over varied amounts of time. To determine the
rating day that would most accurately reflect true damage and regrowth after fatty alcohol
application, a series of ratings were conducted on days 1, 7, 14, and 21 after fatty alcohol
application.
Grafting Experiment
The same rootstock material as described above was used in the grafting
experiment. ‘Tri-X 313’ (Citrullus lanatus var. lanatus) (Syngenta Seeds Boise, ID) was
used as scion. Scion seeds were sown according to guidelines outlined by Hassell and
Schultheis (2002). The experiment was a randomized complete block design with three
replications and twelve grafted plants per treatment, and was repeated twice on 26 and 28
August 2013. Three different treatments were applied: 6.25% Off-Shoot T®, 6.25% Fair
85®, and a water control. Fatty alcohol treatments were chosen based on the results of
the previously-described rate trial experiment. One day after fatty alcohol treatment,
seedlings were grafted using the one-cotyledon grafting method, according to the
procedure described by Hassell et al. (2008). Graft success was recorded as a percentage
of total grafts attempted.
Data Analysis
Damage and regrowth data were separated by rootstock type and analyzed
separately with an approximate generalized linear mixed model. The model was a
complete factorial model of all combinations and interactions between and among the
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following fixed effects: planting date, compound, rate, and day of evaluation. Random
effects included replication and the interactions among rep and the three fixed factors.
Planting date was nested within the factors. In both responses, means were multiplied by
100 and are presented as a percent incidence.
The main effect of ‘day of evaluation’ appeared to reach an asymptote; thus, a
series of contrasts were used to determine at which day the damage and regrowth
responses became constant. Day 14 was used for the final linear mixed model analysis,
excluding the data from days 1, 7, and 21. Effects used in this model included all of the
above factors with the exception of any factor including (Day). Multiple means
comparisons were performed using Fisher’s Protected Least Significant Difference Test
with a p-value ≤ 0.05 considered significant throughout. The choice of Fisher’s Protected
Least Significant Difference Test was to reduce the overall probability of Type II Errors.
All calculations were performed using the fit model platform of JMP Pro 10®
Software (SAS Institute Inc., 1989-2010). The reason for a generalized linear mixed
model was that both damage and regrowth were binomial random variables. The reason
it was an approximate generalized linear mixed model was that the complex nature of the
statistical design, including random effects, lead to some approximations (using general
linear mixed models) to overcome some convergence and estimation issues.
Graft success data was also analyzed with a linear mixed model using the fit
model platform of JMP Pro 10® Software (SAS Institute Inc., 1989-2010). Similar to the
damage and regrowth data, means are presented as percent incidence. The model for
grafting success was a complete factorial model including all combinations and
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interactions between and among the following fixed effects: planting date, compound,
and treatment. Random effects included replication and the interactions among rep and
the three fixed factors, with planting date nested within the remaining factors.
RESULTS
Damage Response
A significant compound by rate interaction existed for damage incidence in both
‘Emphasis’ and ‘Carnivor’ (P < 0.0001), indicating that the two compounds reacted
differently as their concentrations increased (Tables 2 and 3). There were no significant
differences in damage incidence in ‘Emphasis’ seedlings treated with 0.00 %, 3.75% and
5.00% of either Fair 85® or with 0.00% and 3.75% of Off-Shoot T® (Table 2).
‘Emphasis’ rootstock damage incidence increased significantly between 6.25% and 7.5%
Fair 85®, and the damage incidences at 10.00%, 12.50%, and 15.00% Fair 85® were not
significantly different (Table 2). Damage incidence increased significantly between
5.00% and 6.25% Off-Shoot T®, as well as between 7.5%, 8.75%, and 10.00% OffShoot T®. Damage incidence at 12.5% Off-Shoot T® decreased significantly, but
damage at 15.00% was not statistically significant from damage incidence at 10.00% OffShoot T® (Table 2).
Damage incidence on ‘Carnivor’ seedlings also increased with increasing
concentrations of fatty alcohol. Seedlings treated with 0.00%, 3.75%, 5.00%, and 6.25%
Fair 85® had the lowest amount of damage with no significant differences; however,
damage significantly increased from 5.4% to 13.6% as rates increased from 6.25% to
7.50%, respectively, of Fair 85® (Table 2). There was no significant increase in damage
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between 7.50% and 8.75%, but a significant increase from 23.7% incidence at 10.00% to
48.9% incidence at 12.50% Fair 85® (Table 2). Damage was highest at 15.00% Fair
85®, with 69.1% incidence (Table 2). Similarly, the Off-Shoot T ® treatment showed no
significant differences between rates of 0.00%, 3.75%, and 5.00% (Table 2). Damage
increased significantly in seedlings treated with 8.75% Off-Shoot T®, and increased, but
not significantly, at the four greatest rates of Off-Shoot T® (Table 2).
Regrowth Response
The compound by rate interaction was significant in both ‘Emphasis’ (P = 0.0019) and
‘Carnivor’ (P = 0.0089), indicating that regrowth is unequally controlled by the two fatty
alcohol compounds (Table 3). ‘Emphasis’ control seedlings (treated with water)
exhibited 100% regrowth, and seedlings treated with 3.75% Fair 85® resulted in 32.7%
regrowth. Regeneration continued to decrease significantly at both 5.00% Fair 85®
(16.2% regrowth) and 6.25% Fair 85® (2.0% regrowth). There was no further significant
reduction in regrowth at rates above 6.25% Fair 85® (Table 3). At 3.75% Off-Shoot T®
treatments, regrowth was significantly reduced to 14.9%. Regrowth again significantly
decreased to 7.7% at 5.00% Off-Shoot T®. Regrowth incidence at 6.25% Off-Shoot T®
caused a decrease to 2.1% regrowth, which was not significant. However, regrowth at all
treatment rates above 7.5% Off-Shoot T® were significantly lower than those at 6.25%
Off-Shoot T® (Table 3). In ‘Carnivor’ seedlings treated with Fair 85®, regrowth
decreased significantly from the 0.00% control (100.0% regrowth) to 47.1% regrowth at
the rate of 3.75% Fair 85®. Regrowth also decreased significantly between 5.00% and
6.25% Fair 85® (26.6% and 6.8%, respectively) (Table 3). There was no significant
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decrease in regrowth at rates above 6.25% (Table 3). Regrowth was problematic when
Fair 85® was applied at 3.75 to 5.00% (greater than 20%) while regrowth incidence was
less than 10% at rates above 6.25% Fair 85. In Off-Shoot T® application rates lower
than 6.25%, regrowth was unacceptably high and decreased to less than 1.0% incidence
above rates of 5.00% Off-Shoot T® (Table 3).
Grafting Experiment
There was no significant effect of fatty alcohol treatment (P=0.3608) on graft
success. In both ‘Carnivor’ and ‘Emphasis’ rootstocks, grafting success was greater in
the fatty-alcohol treated rootstocks than the water-treated control; however, the difference
was not statistically significant (Table 4). There was also no significant effect of
rootstock (P=0.4199). ‘Carnivor’ rootstocks treated with Fair 85® resulted in 79.2%
success, and those treated with Off-Shoot T® resulted in 80.6% success (Table 4). The
water-treated control rootstocks resulted in grafting success of 70.8%. ‘Emphasis’
rootstocks treated with Fair 85® and Off-Shoot T® fatty alcohol compounds resulted in
81.94% and 80.56%, respectively, while the control rootstocks resulted in 75.0% grafting
success (Table 4).
DISCUSSION
The significance of the compound by rate interactions was surprising, as the
labels of both Fair 85® and Off-Shoot T® indicate identical amounts (85%) of active
(C6-0.5%, C8-42%, C10-56%, and C12-1.5%) and inert ingredients (15%). Although the
amount and type of active ingredient in each compound was the same, the alcohol
sources may have differed, and this difference could be the source of the observed
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interaction. Upon communication with a company representative, we learned that
alcohol purity (based on the original alcohol source) is a determining factor in the depth
and uniformity of fatty alcohol tissue penetration and resulting chemical burn (Frank
Grainger, Fair Products, Inc., personal communication). Steffens and Cathey (1969)
reported similar variability in tissue penetration and chemical burn resulting from using
surfactants of different hydrophilicities. As sources of fatty alcohols vary in availability
(Frank Grainger, Fair Products, Inc., personal communication), variations in product
purity and quality within and between commercially available compounds is highly
probable. Thus, it would be essential in commercial applications of this technique to
understand the fatty alcohol type and source, as well as the resulting effect on rootstocks.
Further studies on these aspects would be required to determine these factors.
The general trend of increased damage and decreased regrowth as fatty alcohol
concentrations increase was expected, as fatty alcohols are used in the tobacco industry to
prevent regrowth of axillary meristems in topped tobacco. In the bottle gourd and
interspecific hybrid squash rootstocks, Fair 85® and Off-Shoot T® fatty alcohol
solutions at concentrations above 6.25% eliminated rootstock regrowth in at least 93% of
all seedlings tested; however, the resulting damage incurred by the rootstocks at
concentrations above 6.25% was unacceptably high—especially when Off-Shoot T was
applied. Choi et al. (2002) reported rootstock similar survival rates of 80% and 73%,
using rootstock applications of 58.8 mM silver nitrate and 5.48 M hydrogen peroxide,
respectively. These data agree with our findings, indicating that complete chemical
control of rootstock regrowth requires a level of acceptable damage to the rootstock.
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The two rootstocks responded differently to the fatty alcohol treatments.
Although damage incidence in both rootstocks followed the same increasing trend,
‘Emphasis’ rootstocks exhibited higher incidences of damage than ‘Carnivor’. As would
be expected, regrowth incidence was lower in ‘Emphasis’ rootstocks as well. This may
be due to physiological differences between the two species. Steffens and Cathey (1969)
reported that the extent of fatty acid kill of plant tissue depends upon many physiological
factors, such as leaf type, degree of succulence, and ease of wetting. ‘Carnivor’,
cotyledons are thicker, less succulent, and more pubescent than ‘Emphasis’ cotyledons.
The physiological differences in the rootstock could explain the higher incidence of
damage and greater regrowth control observed in ‘Emphasis’ rootstocks.
The results of the grafting experiment indicate that fatty alcohol applications do
not affect rootstocks’ ability to be grafted, and may have the potential to increase grafting
success by eliminating the rootstock meristem. Because the fatty alcohol compounds
damage only rapidly-dividing tissue (Steffens et al., 1967), only the dividing meristem
tissue is damaged by the treatment, and the remaining tissue is still able to produce callus
tissue to heal the graft. Although the slight increase in grafting success was statistically
insignificant, the increase we observed may be due to the lack of competition from the
rootstock meristem tissue. Because treated rootstocks do not contain active meristems,
the rootstock may more readily accept the scion and more easily heal the graft. Because
treated rootstocks are not supplying energy to a growing meristem, there may have been
slightly more energy available to heal the graft, resulting in a faster healing process.

33

Fatty alcohol applications can successfully control rootstock meristem growth,
and by decreasing the labor required, would alleviate the high cost of grafted transplant
production. Based on our findings, we conclude that a fatty alcohol concentration of
5.00% using Off-Shoot T® and 6.25% using Fair 85® will achieve at least 95% control
of meristematic regrowth with about 10% damage to rootstocks.
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TABLES AND FIGURES
z

Table 1.1 Dilutions used to create fatty alcohol emulsions with Fair 85® and Off-Shoot T®

Water Added (mL)
20.00
19.25
19.00
18.75
18.50
18.25
18.00
17.50
17.00
z

Compound Added (mL)
0.00
0.75
1.00
1.25
1.50
1.75
2.00
2.50
3.00

Final Volume (mL)
20.00
20.00
20.00
20.00
20.00
20.00
20.00
20.00
20.00

Final Emulsion
Percent
0.00
3.75
5.00
6.25
7.50
8.75
10.00
12.50
15.00

Emulsions were created by measuring desired volume of fatty alcohol compound and bringing to 20 mL final volume with diH2O.
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Table 1.2 Effects of fatty alcohol concentration on ‘Emphasis’ seedling mean percent damage using two C60.5%, C8-42%, C10-56%, C12-1.5%) fatty alcohol compounds, pooled over three consecutive experiments

‘Emphasis’ Damage

Fatty Alcohol Concentration (%)
0.00
3.75
5.00
6.25
7.50
8.75
10.00
12.50
15.00

Fair 85®y
(%)
0.0 gw
0.0 g
9.8 efg
17.2 e
33.3 d
34.4 d
78.4 b
84.8 ab
92.3 ab

Off-Shoot T®x
(%)
0.0 g
3.1 fg
13.1 ef
43.2 cd
49.3 c
78.3 b
91.8 a
76.6 b
94.2 a

z

‘Carnivor’ Damage
Off-Shoot
Fair 85®
T®
(%)
(%)
0.0 g
0.0 g
0.0 g
1.4 g
4.9 fg
8.7 efg
5.4 fg
19.0 cde
13.6 def
25.8 c
17.3 cde
43.6 b
23.7 cd
49.3 b
48.9 b
51.2 b
69.1 a
55.1 b

18 seedlings per replication
Fair Products, Inc., USA Cary, NC.
x
Chemtura Corporation Middlebury, CT.
w
Values within the two rootstock columns (across compound type) that are not followed by the same letter are significantly different
according to Fisher’s Protected Least Significant Difference test at P ≤ 0.05.
y
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Table 1.3 Effects of fatty alcohol concentration on rootstock seedling mean percent regrowth using two
C6-0.5%, C8-42%, C10-56%, C12-1.5%) fatty alcohol compounds, pooled over three consecutive
experiments

‘Carnivor’ Regrowth

‘Emphasis’ Regrowth

Fatty Alcohol Concentration (%)
0.00
3.75
5.00
6.25
7.50
8.75
10.00
12.50
15.00

Fair 85®
(%)
100.0
32.7
16.2
2.0
1.3
0.0
0.0
0.0
0.0

y

aw
b
c
de
de
e
e
e
e

z

Off-Shoot T®x
(%)
100.0
14.9
7.7
2.1
0.0
0.0
0.0
0.0
0.0

a
c
d
d
e
e
e
e
e

Fair 85®
(%)

OffShoot T®
(%)

100.0
47.1
26.6
6. 8
1.4
1.4
0.7
0.0
0.0

100.0
35.9
8.1
0.7
0.0
0.0
0.0
0.1
0.0

a
b
d
e
e
e
e
e
e

18 seedlings per replication
Fair Products, Inc., USA Cary, NC
x
Chemtura Corporation Middlebury, CT
w
Values within the two rootstock columns (across compound type) that are not followed by the same letter are significantly
different according to Fisher’s Protected Least Significant Difference test at P ≤ 0.05.
y
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a
c
e
e
e
e
e
e
e

z

Table 1.4 Effect of fatty alcohol treatment on grafting success of two rootstocks, pooled over two
consecutive experiments

Grafting Successy
Rootstock Treatment
Fair 85®

‘Carnivor’

x

v

‘Emphasis’

79.2 a

81.9 a

Off-Shoot T®w

80.6 a

80.6 a

Water

70.8 a

75.0 a

z

Rootstocks treated with 6.25% fatty alcohol emulsion
y
Graft success recorded 1 week after removal from healing chamber
x
Fair Products, Inc., USA Cary, NC
w
Chemtura Corporation Middlebury, CT
v
Values within the same column not followed by the same letter are significantly different according to Fisher’s Least Significant
difference test at P ≤ 0.05.
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Figure 1.1 Rating system for treated seedlings. A. Treated seedlings with no damage or
regrowth were given a rating of 0 in both categories. B. Treated seedlings with regrowth
and no damage were given a rating of 0 for damage and 1 for regrowth. C. Treated
seedlings exhibiting damaged cotyledons were given a rating of 1 for damage and 0 for
regrowth.
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CHAPTER THREE
FATTY ALCOHOL BLINDING CAUSES WATERMELON ROOTSTOCK
SEEDLINGS TO ACCUMULATE CARBOHYDRATES AND INCREASE IN SIZE
INTRODUCTION
Grafting onto disease-resistant rootstocks is an important technology for
overcoming soil-borne disease (Guan et al., 2012, Louws et al., 2010), and is used for
watermelon (Citrullus lanatus) production primarily in Asia, Europe, and the Middle East
(Cohen et al., 2007; Davis et al., 2008,). However, the high cost of grafted transplants
has prevented the use of grafted transplants in United States production. As methyl
bromide, an inexpensive, readily-available soil fumigant, has been phased out (U.S.
Department of Agriculture (USDA), National Agricultural Statistics Service, 2012) and
disease-free land has become scarce, there has begun to be a need for grafted watermelon
transplants in the United States. With current disease conditions in United States soils, it
is estimated that at least 6.69 million grafted watermelon transplants per year would be
required to combat soil-borne diseases previously controlled with fumigants (D. Liere,
personal communication).
Much of the cost of grafted transplants is associated with the labor involved in
their production and maintenance (Davis et al., 2008). The majority of these labor costs
are a result of rootstock regrowth (Choi et al., 2002; Memmott and Hassell, 2010), which
competes with the watermelon scion for nutrients and sunlight. In countries currently
using grafted transplants commercially, the meristem is manually removed at the grafting
stage (Hassell et al., 2008). Meristematic regrowth is manually removed during graft
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healing, at the transplanting stages, and thereafter as needed (Lee et al., 2010). Rootstock
regrowth removal is an expensive, labor-intensive process, and has been prohibitive to
the adoption of grafted transplants in United States watermelon production. An
application of fatty alcohol to the apical meristem of cucurbit rootstock seedlings has
been shown to be an effective means of eliminating meristem tissue and controlling
regrowth (Daley and Hassell, 2014).
In addition, rootstock treatment with fatty alcohol can allow for successful
grafting without the risk of regrowth. Commercial watermelon grafting methods require
at least one rootstock cotyledon to remain intact to ensure graft success, and grafting
must be done soon after the cotyledons unfold to limit regrowth (Hassell et al., 2008, Lee
et al., 2010). Rootstock cotyledons are essential for grafting success, as they provide
energy to maintain the plant and heal the graft. Cucurbit (Family Cucurbitaceae)
seedlings are dependent upon seed reserves only during pre-emergent growth (Bisognin
et al., 2005), and depend completely on the leaf-like, highly photosynthetic cotyledons
for further development (Penny et al., 1976). The rootstock is dependent upon at least
one cotyledon for early growth and establishment (Bisognin et al., 2005).
Fatty alcohol was originally used to control suckering of axillary meristems on
topped tobacco (Nicotiana tabacum L.). Because the fatty alcohols target only the
actively-dividing cells in meristems (Steffens et al., 1967), the tobacco leaves remain
intact, and energy that would have been sent to new growth is now stored in the leaves.
Similarly, we observed that over a 21-d period following fatty alcohol treatment, both
bottle gourd (Lagenaria siceraria) and interspecific hybrid squash (Cucurbita maxima ×
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C. moschata) rootstock seedling cotyledons seemed to expand, becoming long and rigid.
The hypocotyl also increased in length and diameter over the observed time, yet the
seedlings remained viable for grafting. We hypothesize that the increase in size was due
to an accumulation of carbohydrates within the rootstock. Thus, this experiment was
designed to determine changes in rootstock seedling development over 21 d after
treatment with fatty alcohol, as well as the effect on carbohydrate concentrations within
the hypocotyls and cotyledons of the rootstock seedlings.
MATERIALS AND METHODS
Plant Material and Growing Conditions
Two rootstock types were chosen: bottle gourd cv. Emphasis (Syngenta Seeds,
Boise, ID) and interspecific hybrid squash cv. Carnivor (Syngenta Seeds, Boise, ID).
Seeds were sown in 72-cell plug trays with a 1 inch diameter (TLC Polyform,
Minneapolis, MN) using a fertilizer-free, soilless mix (76% sphagnum peat, 25% perlite)
(Sun Gro Horticulture, Agawam, MA). No additional fertilizer was applied throughout
the experiment. Seeds were planted following standard greenhouse production practices
(Rutledge, 2009). Plants were grown in a greenhouse covered with a double-layer of 6mil polyethylene (K50 Clear; Klerks Hyplast, Chester SC). The minimum temperature
was set at 60 °F, and exhaust fans were set to power on at 70 °F.
Meristem Treatment
When cotyledons had unfolded, but not fully expanded (approximately 8-10 d
after seeding), plants were acclimated in a climate-controlled room (75 °C, 70-75%
relative humidity) for twelve hours prior to treatment. Seedlings were then treated with
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20 µL of a 6.25% fatty alcohol emulsion (Fair 85®, Fair Products, Cary, NC), which had
previously been determined to be the optimal treatment volume and concentration to
avoid regrowth and seedling mortality (Daley and Hassell, 2013). The fatty alcohol
emulsion was applied with a single-channel micropipette (VWR International Radnor,
PA) to the meristem area of each seedling. Water-only control seedlings were treated in
the same manner with 20 µL distilled water. Trays remained in the treatment room for 5
h to allow the fatty alcohol or water treatments to penetrate leaf tissue. After treatment
penetration, seedlings were returned to the greenhouse for the duration of the experiment.
Experimental Design
The experiment was arranged in a complete randomized design, with 72 plants
randomly selected from five trays for each rootstock-time-treatment combination. The
experiment was repeated twice. Carbohydrate analysis was also a complete randomized
design with 12 samples per treatment. Each sample was a composite of either 5
hypocotyls or 10 cotyledons.
Visible Plant Analysis
On 1, 7, 14, and 21 days after treatment (DAT), 72 rootstock seedlings from the
rootstock-fatty alcohol treatment were destructively harvested and measured. The wateronly control seedlings were only harvested 1 d following fatty alcohol application. A
single-edge razor blade (Warner Manufacturing, Plymouth, MN) was used to separate the
hypocotyl from the roots at the soil surface. The cotyledons were removed at the point of
attachment to the hypocotyl using the same single-edge razor blade. Individual
hypocotyl and cotyledon fresh weights were taken using an analytical scale (Sartorius A
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120 S; Data Weighing Systems, Elk Grove, IL). Hypocotyl and cotyledon lengths and
widths of all 72 seedlings were measured using digital calipers (CD-6 B; Mitutoyo
America Corporation, Aurora, IL). Cotyledon leaf area was measured using a leaf area
meter (LI 3100; Li-Cor, Lincoln, NE). After measurements were recorded, hypocotyls
and cotyledons were dried separately for 48-72 h at 70 °C in an incubator (Napco 320-6
1000 Series; Napco Industrial Partner Richardson, TX). Upon removal from the
incubator, dry weights of individual hypocotyls and cotyledons were recorded, and
tissues of each organ were combined into 12 samples to prepare for carbohydrate
analysis. Each sample contained either five hypocotyls or ten cotyledons. Each of the 12
samples was ground using a mortar and pestle and stored at -20 °C until carbohydrate
analysis.
Carbohydrate Extraction
Glucose, sucrose, fructose, and starch were enzymatically extracted from 70 mg
dried, ground tissue following the protocol by Zhao et al. (2010). Microplate enzymatic
assays were carried out to detect each sugar (Zhao et al. (2010). Sugar concentrations
were calculated using absorbance, volume sampled, and sample weight. Mean
carbohydrate concentrations were then multiplied by the average dry weight per organ for
each time after treatment to determine the amount of carbohydrate available in an average
hypocotyl or cotyledon. Glucose, sucrose and fructose results were combined and are
reported as total soluble sugars, and starch results are reported alone.
Seedling growth measurements and carbohydrate data were analyzed using a
linear mixed model in the fit model platform of JMP Pro 10 (SAS Institute, Cary, NC,).
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The model was a complete factorial model of interactions between the fixed effect of
days after treatment, and the random effect of planting date. Rootstocks were compared,
and differed statistically, so each rootstock-organ combination was analyzed separately.
Mean comparisons were performed using Fisher’s protected least significant difference
test, with P ≤ 0.05 recognized as significant throughout.
RESULTS
Visible Plant Analysis
For both rootstock cultivars, analysis of variance (ANOVA) revealed significant
effects of DAT for hypocotyl fresh and dry weights and width (Table 1). In both
rootstock types, hypocotyl development measurements (fresh weight, dry weight, length,
and width) on day one were statistically similar to the measurements of the water-treated
control, indicating that the fatty alcohol treatment had no detrimental effect on rootstock
development other than the destruction of the meristem (Table 1). Mean hypocotyl fresh
weights of both ‘Emphasis’ and ‘Carnivor’ rootstocks increased significantly (2.6- and
2.0-fold, respectively) over 21 d following fatty alcohol treatment (Table 1). ‘Emphasis’
hypocotyl dry weights increased 4.4-fold, and ‘Carnivor’ hypocotyl dry weights
increased 5.2-fold, over the 21-d experiment. ‘Emhpasis’ hypocotyl length did not
significantly change over the course of the experiment, but ‘Carnivor’ hypocotyl lengths
decreased significantly between 1- and 7-d following treatment with fatty alcohol.
‘Emphasis’ hypocotyl width increased 1.6-fold between 7- and 21-d after rootstock fatty
alcohol treatment, and ‘Carnivor’ hypocotyl width increased by a factor of 1.5.
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Similar to rootstock hypocotyl development, with both rootstocks there was a
significant effect of day after treatment in cotyledon fresh and dry weights, as well as
‘Carnivor’ cotyledon width, indicating that the rootstock seedlings increased in size after
meristem removal (Table 2). Between 7 and 21 DAT, ‘Emphasis’ and ‘Carnivor’
rootstocks increased by 1.5-and 1.4-fold, respectively (Table 2). On day 7, ‘Emphasis’
rootstock cotyledon dry weight increased by 2.6-fold compared to day 1, and cotyledon
dry weight did not significantly increase on subsequent days. However, ‘Carnivor’
rootstock cotyledon dry weight increased 3-fold between 1 and 21 DAT. ‘Emphasis’
cotyledon length increased by 7.36 mm between 7 and 21 DAT, and ‘Carnivor’
cotyledon length increased by 9.24 mm between 1 and 21 DAT. ‘Emphasis’ cotyledon
width and thickness did not change significantly over the course of the experiment.
‘Carnivor’ cotyledon width increased by 5.5 mm between day 1 and day 7, and cotyledon
thicknesss increased by 0.01 cm2•g-1 between 7 and 14 DAT.
Carbohydrate Analysis
There was a significant effect of day on both total soluble sugars and starch
content in hypocotyls and cotyledons of ‘Carnivor’ and ‘Emphasis’ rootstock cultivars,
with the exception of starch content in ‘Emphasis’ hypocotyls, indicating that rootstocks
increase in total soluble sugar and starch content over time after fatty alcohol treatment
(Table 3).
With both rootstock cultivars, there were no significant differences in total soluble
sugars or starch content between the rootstocks treated with water and with fatty alcohol
1 DAT, indicating that fatty alcohol treatment does not affect baseline amounts of total
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soluble sugars or starch (Table 3). Total soluble sugar content of ‘Emphasis’ and
‘Carnivor’ rootstock hypocotyl increased 2.5- and 6.7-fold, respectively, over the course
of the experiment. Starch content in ‘Emphasis’ hypocotyls increased by 31.5-fold, and
by 193.6-fold in ‘Carnivor’ hypocotyls. ‘Emphasis’ cotyledons increased in total soluble
sugar content by 8.2-fold between 1 and 14 DAT, and did not increase significantly
between 14 and 21 DAT. Similarly, ‘Carnivor’ cotyledons increased in total soluble
sugar content by 3.5-fold between days 1 and 7, and increased by 1.4-fold between 7 and
21 DAT. Starch content in ‘Emphasis’ cotyledons increased by 228.7-fold between 1 and
7 DAT, and increased by 2.2-fold between days 7 and 21. ‘Carnivor’ cotyledons
increased in starch content by 29.2-fold between days 1 and 7, and by 1.9 fold between
14 and 21 DAT.
DISCUSSION
We observed no significant differences in rootstock development between
rootstocks 1 DAT with water or fatty alcohol. Similarly, there were no significant
differences between the same treatments in total soluble sugars or starch content of
rootstock hypocotyls and cotyledons. Based on these data, we conclude that fatty alcohol
application itself does not affect baseline rootstock development or carbohydrate storage;
rather, it is the effective removal of the meristem tissue, and the amount of time after the
meristem burning, that contributes to the changes in rootstock development and
carbohydrate accumulation.
Our data indicated a significantly decreasing hypocotyl length with ‘Carnivor’ as
time after treatment progressed. This result was confusing, as hypocotyls do not decrease
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in length once a set length is reached. The increases in hypocotyl and cotyledon size in
both cultivars observed over the 21-d experiment agree with the findings of Havis (1940),
who reported an increase in cotyledon size and thickness of Brassica seedlings after
removal of the epicotyl. Similarly, Saks and Ilan (1984) also reported an increase in
sunflower (Helianthus annuus Lin.) cotyledon fresh weight over 18 d after decapitation.
The increase in hypocotyl and cotyledon dry weight also had an important effect
on the amount of total nonstructural carbohydrate observed per organ in each rootstock.
Total sugar concentrations (glucose, fructose, and sucrose) in rootstock tissues did not
significantly change over time after fatty alcohol treatment (data not shown); however,
the soluble carbohydrates per hypocotyl or cotyledon increased because the amount of
dry tissues in the rootstocks increased. Starch concentrations, however, significantly
increased over time after fatty alcohol treatment in tissues of each rootstock. This pattern
of starch accumulation suggests that the decapitated rootstocks are storing energy rather
than supplying energy for new growth from the meristem.
Many studies have reported on the carbohydrate changes in decapitated woody
plants, each with varying results regarding carbohydrate content responses to meristem
removal. Tschaplinski and Blake (1994) reported significant decreases after 10 d in both
starches and soluble sugars of decapitated hybrid poplar (Populus rnaximowiczii x nigra
L.). Another study of defoliated cranberry (Vaccinium macrocarpon Ait.) uprights
showed no effect of defoliation on total non-structural carbohydrates after 7 d (Heuvel,
2004). In decapitated Australian oak (Eucalyptus obliqua L’Hér) seedlings, soluble
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sugars decreased by half after 10 d, then increased to normal levels 40 d after
decapitation (Taylor et al. 1982).
Tschaplinski and Blake (1994) attribute the loss of total non-structural
carbohydrates to the loss of leaves, the source of carbon and growth hormones in the
plants’ source-sink relationship. In a similar way, the watermelon rootstock seedlings
may be dependent on the cotyledons. Bisognin et al. (2005) demonstrated the reliance of
cucumber seedlings on both cotyledons in carbohydrate accumulation. Because the
rootstock cotyledons are photosynthetic, they act as the carbon source for the seedling,
and the young seedling may be more dependent on the cotyledons than the meristem.
The importance of the cotyledons, and their retention in our experiment compared to the
previously-discussed decapitation experiments, may explain the carbohydrate increases
we observed in our experiment.
The observed increase in hypocotyl carbohydrate content after fatty alcohol
treatment could greatly impact the current grafting system used today. First, rootstock
treated with fatty alcohol may have an increased grafting window. Typically, cucurbit
rootstock seedlings have a narrow –window of 1 to 2 d in which they are able to be
grafted successfully without a well-developed meristem. The fatty alcohol treatment
described here could increase the grafting window up to three weeks, allowing treated
plants to be left in the greenhouse to accumulate carbohydrates until ready to be grafted.
Further studies will be required to determine whether the carbohydrate content will affect
grafting success. Furthermore, the increase in carbohydrate content could also allow for
the elimination of the rootstock cotyledon in grafting, which would decrease grafting
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costs by allowing for the use of a smaller tray size and smaller grafting space. This type
of grafting method, typically used in tomato grafting, is used to eliminate the problem of
rootstock regrowth, but has been impossible in cucurbit grafting because of the strong
dependence of the rootstock upon the cotyledons. The increase in carbohydrates stored in
the hypocotyl may provide sufficient energy to support a cotyledon-devoid graft in
cucurbits.
Based on our observations, we conclude that cotyledons and hypocotyls of
rootstock seedlings continue to develop and expand over 21 d after fatty alcohol
treatment. Cotyledons and hypocotyls also increase in carbohydrate content, most
notably starch. This increase in stored energy could allow for increased efficiency of
current production practices, as well as new grafting methods that should reduce the cost
of grafted transplant production.
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TABLES
Table 3.1. Effect of time after water and fatty alcohol treatmentz on 'Emphasis'
and ‘Carnivor’ rootstock hypocotyly development
Hypocotyl
Dry
Fresh
Weight
Length
Width
x
Rootstock
DAT
Weight (g)
(g)
(mm)
(mm)
1
‘Emphasis’
(Water)
0.23 cw
0.013 d
36.87
2.63 c
1
0.23 c
0.013 d
36.41
2.53 c
7
0.30 c
0.023 c
34.97
3.06 c
14
0.48 b
0.040 b
35.82
4.18 b
21
0.62 a
0.056 a
37.48
4.99 a
P –value
***
***
NS
**
1
‘Carnivor’
(Water)
0.37 c
0.025 c
54.20 a
2.80 c
1
0.35 c
0.023 c
51.65 a
2.84 c
7
0.44 bc
0.055 c
42.95 b
3.55 b
14
0.59 ab
0.090 b
41.55 b
4.22 a
21
0.75 a
0.134 a
41.39 b
4.48 a
P- value
*
**
**
**
z
All rootstocks, except the water control treatments, were treated with a 6.25%
fatty alcohol emulsion
y
Single hypocotyl measurements
x

Days After Treatment (with fatty alcohol or water)
Means within cultivar and column having the same or no letters are not
significantly different by Fishers’ protected least significant difference test; NS, *,
**, *** (not significant or significant at P ≤ 0.05, 0.01, and 0.001)
w
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Table 3.2. Effect of time after water and fatty alcohol treatmentz on 'Emphasis' and
‘Carnivor’ rootstock cotyledony development
Fresh
Weight
(g)
0.3 bx
0 b
0.2
8 b
0.3
5 a
0.4
7 a
0.5
3 **
0.5 b
1 b
0.4
9 b
0.6
0 a
0.6
7 b
0.8
a
1*

Dry
Weight
Length
Width
Thickness
x
Rootstock
DAT
(g)
(mm)
(mm)
(cm2 × g-1)
‘Emphasis
1
0.02 b
37.39
30.16
0.059
’
(Wat
2
0.02 b
1
35.42
28.72
0.067
er)
3
0.06 a
7
37.19
21.41
0.065
0
0.06
14
a
42.49
22.92
0.062
1
0.08
21
a
44.55
24.75
0.070
0
P value
*
NS
NS
NS
1
0.03 d
27.6 b
‘Carnivor’
46.42
0.064
(Wat
6
9
0.04 d
26.6 b
1
42.53
0.065
er)
2 c
7 a
0.07
32.1
7
46.35
0.059
5
7
0.09
32.6
14
b
48.54
a
0.060
9
6
0.12 a
33.7 a
21
51.77
0.069
7
7
P value
***
NS
**
NS
z
All rootstocks, except the water control treatments, were treated with 20 µL of a
y6.25% fatty alcohol emulsion
Single cotyledon measurements
x

Days after Treatment
Means within cultivar and column having the same or no letters are not
significantly different by Fishers’ protected least significant difference test; NS, *, **,
*** (not significant or significant at P ≤ 0.05, 0.01, and 0.001)
w
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Table 3.3. Effect of time after water and fatty alcohol treatmentz on 'Emphasis' and
‘Carnivor’ rootstock total soluble sugarsy (TSS) and starchx content per hypocotyl
and cotyledon
Hypocotylw
Cotyledonv
TSS
Starch
TSS
Starch
u
Rootstock
DAT
(µg•g-1)
(µg•g-1)
(µg•g-1)
(µg•g-1)
1
Emphasis
(Water)
1.017 bct
0.023
0.663 b
0.032 c
1
0.841 c
0.027
0.553 b
0.007 c
7
1.021 bc
0.185
3.249 ab
1.601 b
14
1.932 ab
0.469
4.530 a
2.266 b
21
2.521 a
0.724
5.930 a
3.487 a
P value
*
NS
*
**
1
Carnivor
(Water)
1.625 c
0.040 d
1.323 c
0.061 c
1
1.546 c
0.047 d
1.521 c
0.076 c
7
4.035 bc
2.440 c
5.322 b
2.218 b
14
7.763 ab
4.906 b
6.481 ab
2.969 ab
21
10.824 a
7.742 a
7.620 a
4.140 a
P value
**
**
**
**
z
All rootstocks, except the water control treatments, were treated with a 6.25%
fatty alcohol emulsion
y
µg total soluble sugars · g dry tissue -1 · mean hypocotyl dry weight (g)
x
µg starch · g-1 dry tissue · mean cotyledon dry weight (g)
w
Mean of 12 samples, each consisting of 5 individual hypocotyls
v
Mean of 12 samples, each consisting of 10 individual cotyledons
u
Days after fatty alcohol treatment
t
Means within cultivar and column having the same or no letters are not
significantly different by Fishers’ protected least significant difference test; NS, *,
** (not significant or significant at P ≤ 0.05 and 0.01)
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CHAPTER FOUR
IMPROVEMENT OF GRAFTED TRANSPLANT QUALITY OVER TIME BY
ROOTSTOCK FATTY ALCOHOL TREATMENT
INTRODUCTION
Grafting watermelon [Citrullus lanatus (Thunb) Matsum and Nakai] onto diseaseresistant rootstocks can confer resistance to soil borne diseases such as Fusarium wilt
(Fusarium oxysporum f. sp. niveum) and Monosporascus root rot (Monosporascus
cannonballus), (Beltran et al., 2008, Guan et al., 2012, Louws et al., 2010). With the loss
of methyl bromide as part of the Clean Air Act (U.S. Department of Agriculture (USDA),
National Agricultural Statistics Service, 2012), watermelon grafting is currently the most
promising method of Fusarium wilt control (Louws et al., 2010). While only five percent
of watermelon acreage in the U.S. is currently reported to be affected by this disease (D.
Liere, personal communication), arable land for rotation is decreasing, and the cost of
traveling to disease-free soil is difficult for growers to overcome. Although the demand
for commercially-produced grafted plants is apparent, high production cost remains the
major impediment to grafted transplant adoption in United States production.
The two most common commercially-used grafting methods (over 90%) are the
hole-insertion and the one-cotyledon method (Hassell et al., 2008). These methods
require at least one cotyledon to remain intact to ensure graft success (Hassell et al.,
2008), and both require manual meristem removal with a blade during grafting. This
method often only partially removes the meristem, allowing meristem regeneration to
occur. Our previous studies have demonstrated the success of fatty alcohol rootstock
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treatments in controlling meristematic regrowth (Daley and Hassell, In press). Fatty
alcohol products are traditionally used in tobacco (Nicotiana tabacum L.) production to
burn out axillary meristems and encourage leaf growth. When fatty alcohol products are
applied to rootstocks used for grafting watermelon, the rootstock meristematic tissue is
destroyed, and the rootstocks remain viable for grafting (Daley and Hassell, In press).
In addition to regrowth control, rootstocks treated with fatty alcohol continue to
live and photosynthesize, as the remaining cotyledons are also functional leaves
(Bisognin et al., 2005). Rather than putting the resulting energy into new growth, the
carbohydrates are stored in the hypocotyl and cotyledons of the rootstocks (Daley and
Hassell, 2013). Previous experiments have revealed a starch increase of 100- and 200fold in hypocotyls of bottle gourd (Lagenaria sicereria) and interspecific hybrid squash
(Cucurbita maxima × C. moschata) rootstocks, respectively, over 21 d after fatty alcohol
treatment (Daley and Hassell, 2013). We hypothesize that this increase of stored energy
in the rootstock could be harnessed by the plant to improve current grafting methods by
providing sufficient energy to increase graft survival, rootstock rooting, and overall
grafted transplant quality. The first experiment outlined in this paper was designed to
determine the effect of increased rootstock carbohydrate content on graft survival and
rootstock re-rooting using the one-cotyledon grafting method (Hassell et al., 2008).
With current grafting methods, at least one cotyledon is left on the rootstock
during grafting. Because the rootstock cotyledons are larger than the cotyledons of
watermelon seedlings, the rootstocks require an increase in individual tray cell size over
standard cell size for grafted watermelon transplant production. This larger cell size is
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needed to accommodate the rootstock cotyledon when grafting. In addition to requiring a
greater cell size, the large rootstock cotyledons can also harbor foliar disease such as
powdery mildew (Podosphaera xanthii) (Kousik et al., 2008) that can prevent successful
graft healing or infect successfully-grafted transplants.
Decreasing the tray cell size and preventing the spread of disease via the rootstock
cotyledon is an important objective in improving the efficiency of grafted transplant
production. The development of a successful grafting method that removes both
cotyledons would be advantageous to commercial production; however, results of
previous studies on this type of method proved to be too inconsistent for commercial
application (Memmott, 2010). We hypothesize that the inconsistency was the result of a
lack of energy in the hypocotyl, because the cotyledon has been shown to provide energy
to the developing seedling (Bisognin et al., 2005) Similarly, we hypothesize that the
inconsistencies in previous attempts to graft without the cotyledons were a result of a lack
of energy in the hypocotyl to support the graft healing and re-rooting of the transplant.
The increased starch reserves in rootstocks treated with fatty alcohol over time may
provide the required energy to overcome the reliance on the cotyledon and make grafting
to the rootstock hypocotyl without the cotyledons feasible, (Daley and Hassell, 2013).
Thus, a second experiment was conducted to test this hypothesis and demonstrate the
effect of rootstock age after fatty alcohol treatment on graft survival and rootstock rerooting using the hypocotyl-only grafting method.
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MATERIALS AND METHODS
Experiment 1
The first experiment consisted of 2 rootstocks: bottle gourd (cv. ‘Macis’)
(Nunhems USA, Parma, ID) and interspecific hybrid squash (cv. ‘Carnivor’) (Syngenta
Seeds, Boise, ID). When the cotyledons had unfolded, but not expanded (approximately
6-8 d and 8-10 d after seeding for ‘Carnivor’ and ‘Macis’ rootstock, respectively)
seedlings were individually treated with 20 µL 6.25% fatty alcohol (Fair 85; Fair
Products, Cary, NC) applied to the meristem of the rootstock, as described by Daley and
Hassell (in press). Rootstocks were held in the green house for 1, 7, 14, or 21 days after
treatment (DAT) before grafting. Rootstock seeding and treatment dates were scheduled
weekly so that all grafting occurred on the same date. Seedless watermelon (Citrullus
lanatus var. lanatus cv. Tri-X 313) (Syngenta Seeds Boise, ID) was used as scion, and
seeds were sown, following growing procedures outlined by Hassell and Schultheis
(2002), on the same day as the 14-day rootstocks. This timing ensured that the scion age
was the same for all treatments. Each rootstock treatment consisted of 10 plants, and was
replicated 4 times. The entire experiment was repeated twice, with grafting occurring in
April and July of 2013. Grafting was performed using the one-cotyledon method, with
the hypocotyl extracted from the roots as described by Hassell et al. (2008).
Experiment 2
The second experiment also utilized both ‘Macis’ and ‘Carnivor’ rootstock
cultivars, which were treated with fatty alcohol in the same manner as experiment one.
Prior to grafting, all rootstocks remained in the greenhouse for 1, 7, 14, or 21 DAT.
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Rootstocks were sequentially seeded to provide rootstocks of each time after fatty alcohol
treatment to graft on the same day. An additional rootstock treatment was also seeded on
the same day as the 1 DAT rootstocks, omitting the fatty alcohol treatment to provide an
untreated control. ‘Tri-X 313’ was also used as scion material, and was sown on the
same day as the 14-day rootstock to ensure that scion was the same age for each
treatment. Each rootstock treatment consisted of 12 plants, and was replicated 5 times.
The entire experiment was repeated twice, with grafting occurring in October and
December of 2013. Grafting was performed using the hypocotyl-only method, consisting
of removing both cotyledons from the hypocotyl, making a 30 degree angled cut down
the side of the hypocotyl, and securing the scion to the hypocotyl using a silicone grafting
clip (Hydro-Gardens, Colorado Springs, CO). Rootstock hypocotyls were also excised
from the roots in the same manner as experiment one.
Growing Conditions
Rootstock seeds were sown in 72-cell plug trays with a 1 inch diameter (TLC
Polyform, Minneapolis, MN) using a nutrient-free, soilless mix (75% sphagnum peat,
25% perlite) (Sun Gro Horticulture, Agawam, MA). Seeds were sown following
standard greenhouse production practices (Rutledge, 2009). Scion seeds were sown
according to guidelines outlined by Hassell and Schultheis (2002). All seedlings were
grown in a standard, double-layer polyethylene greenhouse covered with a double layer
of 6 mil clear plastic (K50 Clear; Klerks Hyplast, Chester SC). The greenhouse
contained a gas heating system to supply heat and exhaust fans to remove heat.
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Minimum temperatures were set at 60 °C and the exhaust fans were set to power on when
greenhouse temperatures reached 70 °C.
Data Collection
All grafted plants remained in the healing chamber for 7 d following grafting, at
which time the plants were removed to the greenhouse for a final week of growth and
development. At the end of the final week in the greenhouse, graft survival data was
recorded. Healed transplants that had re-rooted successfully (i.e., root balls were
adequately developed to prevent smooth removal of the hypocotyl from the tray) were
considered surviving transplants. The mix was washed from the roots, which were then
separated from the hypocotyl and weighed using an analytical scale (Sartorius A 120 S;
Data Weighing Systems, Elk Grove, IL). Root tissue was dried for 5-7 d at 21 °C using
an incubator (320-6 1000 Series; Napco Industrial Partner, Richardson, TX). Following
the drying, roots were individually weighed to determine the root dry weight.
Data Analysis
Graft survival and root fresh and dry weights were analyzed with a linear mixed
model using the fit model platform of JMP Pro 10® Software (SAS Institute, Cary, NC).
The percentage of surviving plants was calculated and used in data analysis. Because
statistically significant differences were observed between the two rootstock types,
rootstock data was analyzed separately. The model was a complete factorial model
including all combinations and interactions between and among the fixed effects of day
after treatment and planting date. Random effects included replication and the
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interactions among rep and the fixed factors, with planting date nested within the
remaining factors.
RESULTS AND DISCUSSION
Experiment 1
ANOVA Analysis
There were significant effects of rootstock age, as well as some significant effects
of planting date and two-way interactions, on graft survival and root growth for
rootstocks grafted using the one-cotyledon method (Table 1).
Graft Survival
With ‘Carnivor’ rootstock, we observed no significant differences in graft
survival between 1, 7, and 14 DAT (Figure 1). In both planting dates, there were
significant decreases in graft survival at 21 DAT. In past experiments, a similar decrease
in rootstock vigor and carbohydrate content was observed in rootstock 21 DAT (Daley &
Hassell, 2013), indicating that ‘Carnivor’ rootstock carbohydrate storage reaches a peak
near 14 DAT.
In ‘Macis’ rootstocks, graft survival increased significantly up to 14 DAT (Figure
1). However, there were no significant differences in survival between rootstocks at 14
and 21 DAT, which paralleled a similar pattern of starch accumulation in previous
research (Daley & Hassell, 2013). This data indicates that that ‘Macis’ rootstocks are
more able to maintain their carbohydrate reserves than ‘Carnivor’. The trend of
increasing graft survival as time after fatty alcohol treatment progresses illustrates the
benefits of the fatty alcohol treatment in improving the efficiency of standard grafting
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methods by increasing the grafting window of rootstocks from just a few days (Hassell et
al., 2008) to at least two weeks.
There was no significant effect of planting date on graft survival in
‘Carnivor’rootstock, but we observed significantly lower graft survival in the August
planting of ‘Macis’ rootstock (Figure 1). Lagenaria rootstock is, in our experience, a
more variable rootstock that is sensitive to excessive moisture. The decreased grafting
success observed on 1 and 7 DAT in the August planting may be due to the increased
amount of watering that occurred within the greenhouse to maintain live plants.
Rootstock Re-rooting
There was no effect of DAT observed in ‘Carnivor’ rootstock root fresh and dry
weights (Figures 2). Because the cotyledon remained attached to the rootstock and
provided the required energy to heal the grafts and produce new roots, the effect of the
increased carbohydrates in the hypocotyl may have been masked in this rootstock. There
was a significant DAT effect on root fresh and dry weights in ‘Macis’ rootstocks. There
was a significant increase on 7 DAT in both planting dates (Figures 2A and 2B), and no
significant differences on 7, 14, and 21 DAT in the May planting. Root fresh weight was
significantly lower on 21 DAT in the August planting of ‘Macis’ rootstocks (Figure 2A).

Experiment 2
ANOVA Analysis
There was a significant effect of rootstock age only on graft success of
‘Carnivor’rootstock, and significant two-way interactions of rootstock age and grafting
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date on root fresh and dry weights for ‘Macis’ graft survival a well as root fresh and dry
weights of both rootstock cultivars (Table 2).
Graft Survival
Using the hypocotyl only graft, we saw no significant difference in graft survival
between the untreated control rootstocks and the treated rootstocks that were 1 DAT with
both cultivars, indicating that there was no detrimental effect of the fatty alcohol
treatment on graft survival. All cultivars increased significantly in graft success from 1
to 7 DAT, with ‘Carnivor’ rootstocks increasing to about 90% survival, and ‘Macis’
rootstocks increasing to over 45% and 70% in the August and December plantings,
respectively (Figure 3). There were no significant changes in graft survival for
’Carnivor’ rootstocks at 14 and 21 DAT, with the exception of day 21 of the October
planting, where graft survival decreased to about 70%. This decrease follows the pattern
of starch decrease at 21 DAT in ‘Carnivor’ rootstocks observed in previous experiments
(Daley & Hassell, 2013). ‘Macis’ rootstock graft survival percentages continued to
increase significantly to about 90% survival at 14 DAT in both planting dates. This also
parallels the pattern of starch accumulation observed previously. No significant
differences were observed in ‘Macis’ rootstock between 14 and 21 DAT in the October
planting, but survival increased significantly to 98% at 21 DAT during the December
experiment. This pattern of survival indicates that ‘Carnivor rootstock increases in graft
survival earlier than ‘Macis’ rootstock.
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Rootstock Re-rooting
For both rootstock cultivars, there were no significant differences between the
root fresh and dry weights of the untreated control and the rootstocks 1 DAT, indicating
that there are no effects of the fatty alcohol treatment on the rootstocks, and illustrating
the inability of the rootstocks to successfully heal the graft and re-root without taking the
time to accumulate energy reserves following the fatty alcohol treatment (Figures 4A and
4B). With both ‘Carnivor’ and ‘Macis’ rootstocks, we observed a significant increase in
root fresh and dry weight at 7 DAT, with the greatest increase observed in ‘Carnivor’
rootstocks planted in October (Figures 4A and 4B). ‘Macis’ rootstocks in the December
planting increased the least, from 0.0 g to nearly 0.2 g fresh weight at 7 DAT (Figure
4A). In both cultivars, root fresh weight did not significantly change 7 and 14 DAT, with
the exception of ‘Macis’ rootstocks planted in December. In this planting, root fresh
weight increased by 0.1 g at 14 DAT. Root fresh weight of ‘Carnivor’ rootstocks from
the October planting increased significantly to nearly 0.9 g at 21 DAT. ‘Macis’ rootstock
from the December planting also significantly increased from 0.3 g at 14 DAT to almost
0.5 g at 21 DAT. Both rootstock cultivars produced significantly lower root fresh
weights in the December plantings, suggesting that lower temperatures in the winter
months decrease re-rooting efficiency of both rootstocks.
Similar trends were observed in root dry weights of both cultivars. In each
cultivar, there was a significant increase in root dry weight using 7 DAT rootstocks
(Figure 4B). ‘Carnivor’ rootstocks from the October planting exhibited the greatest
increase, reaching 0.08 g 7 DAT. The least amount of increase 7 DAT was in ‘Macis’
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rootstock from the December planting. Root dry weights of both rootstock cultivars on
both planting dates, with the exception of ‘Carnivor’ in the October planting, also
significantly increased at 14 DAT (Figure 4B). Root dry weights of both ‘Macis’ and
‘Carnivor’ rootstocks did not significantly change on 21 DAT in October, but each
rootstock cutivar increased significantly on the same day of the December planting. One
possible explanation for this was that the more optimal weather in the October planting
allowed the rootstocks to reach their peak starch storage by day 14, but since the weather
in the December was cooler than optimal, the rootstocks required a greater amount of
growing time to accumulate the required energy, and did not have the reserves necessary
to produce as much root tissue.
The hypocotyl-only grafting method has not, until now, been successfully
performed with consistent success. Based on our data, we conclude that the fatty alcohol
treatment overcomes the need for a cotyledon in cucurbit grafting by increasing the
amount of energy reserves in the rootstock hypocotyl. After a fatty alcohol treatment, the
increased carbohydrate reserves in the rootstock overcome the reliance on the cotyledon
to produce energy sufficient for graft survival and re-rooting, and make grafting with the
hypocotyl possible at 7 DAT for interspecific hybrid rootstocks, or at 14 DAT for bottle
gourd rootstocks.
GENERAL CONCLUSIONS
Fatty alcohol rootstock treatments can improve success and efficiency of current
methods by increasing graft survival and increasing the time that rootstocks are able to be
grafted. Grafting in ideal conditions and seasons could further increase the success of the
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one-cotyledon grafting method. In addition, fatty alcohol treatment allows for successful
use of the hypocotyl-only grafting method. Removal of the cotyledons with the
hypocotyl-only method will decrease chances of disease, because the cotyledon becomes
a harbor for disease as it ages. Complete cotyledon removal also increases production
efficiency by decreasing the space requirement of each grafted plant. Doing so will
increase the number of grafted plants that can be produced utilizing finite greenhouse
spaces, and decreasing overall cost of production.
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Table 4.1: Results of ANOVA analysisz of the effects of rootstock agey after fatty alcohol treatmentx on graft
survivalw and root weights of transplants grafted using the one-cotyledon grafting method
Carnivor

Response
Graft Survivalv

Root Fresh Weight

Root Dry Weight

z
y

Macis

Effect
Rootstock Age

Degrees
of
Freedom
3

F Ratio
8.8365

P Value
0.0044*

F Ratio
43.2486

P Value
<0.0001*

Planting Date

1

4.8805

0.0547

27.9409

0.0002*

Planting Date by Day

3

3.8706

0.0490*

6.3383

0.0076*

Rootstock Age

3

88.4718

<0.0001*

52.2324

<0.0001*

Planting Date

1

26.6894

<0.0001*

5.7128

0.0178*

Planting Date by Day

3

1.5528

0.1885

20.8728

<0.0001*

Rootstock Age

3

314.6308

<0.0001*

90.3396

<0.0001*

Planting Date

1

2.6405

0.1058

12.9713

0.0004*

Planting Date by Day

3

3.6716

0.0066*

P ≤ 0.05 considered significant
Grafting was performed at 1, 7, 14, and 21 days following rootstock fatty alcohol treatment

x

Rootstocks treated with 20 µL 6.25% Fair 85® emulsion

w

Percent of grafts that surviving grafting, healing, and re-rooting
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17.5340

<0.0001*

Table 4.2: Results of ANOVA analysisz of the effects of rootstock agey in days after fatty alcohol treatmentx on graft survivalw
and root weights of transplants grafted using the hypocotyl-only grafting method
Carnivor
Macis
Degrees of
Response

Effect

Freedom

F Ratio

P Value

F Ratio

P Value

Graft Success

Day
Planting Datev
Planting Date by Day

4
1
4

294.6396
0.7680
1.6211

<0.0001*
0.3912
0.2080

354.4546
6.7477
3.9440

<0.0001*
0.0172*
0.0161*

Day
Planting Date

4
1

240.2385
42.9908

<0.0001*
<0.0001*

239.1051
95.2659

<0.0001*
<0.0001*

Planting Date by Day

4

8.3786

0.0009*

15.4225

<0.0001*

Day
Planting Date

4
1

168.5139
117.9220

<0.0001*
<0.0001*

213.6674
297.0647

<0.0001*
<0.0001*

Planting Date by Day

4

20.0910

<0.0001*

47.1811

<0.0001*

Root Fresh
Weight

Root Dry
Weight

z

P ≤ 0.05 considered significant

y

Grafting was performed at 1, 7, 14, and 21 days following rootstock fatty alcohol treatment.

x

Rootstocks treated with 20 µL 6.25% Fair 85® emulsion

w

Percent of grafts surviving grafting, healing, and re-rooting

v

The experiment was repeated on two planting dates in 2013
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Figure 4.1. Graft survival using the one-cotyledon method evaluated as a
percent graft healing and rootstock re-rooting. 'Carnivor' and 'Macis' rootstocks
were grafted at 1, 7, 14, and 21 days after fatty alcohol treatment in May (solid
lines) and August (broken lines) of 2013.
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Figures 4.2. Root fresh (A) and dry (B) weights of 'Carnivor' and 'Macis' rootstocks
grafted at 1, 7, 14, and 21 days after fatty alcohol treatment using the onecotyledon grafting method in May (solid lines) and August (broken lines) of 2013.
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Figure 4.3. Graft survival using the hypocotyl only method evaluated as percent
graft healing and rootstock re-rooting. 'Carnivor' and 'Macis' rootstocks were
grafted at ages of 1, 7, 14, and 21 days after fatty alcohol treatment, and untreated
'Carnivor' and 'Macis' rootstocks (day 0) are used as a control. The experiment was
conducted twice in October (solid lines) and December (brokenlines) of 2013.
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Figures 4.4. Root fresh (A) and dry (B) weights of 'Carnivor' and 'Macis'
rootstocks grafted at 0 (untreated), 1, 7, 14, and 21 days of fatty alcohol
treatment using the hypocotyl-only grafting method in October (solid lines) and
December (broken lines) of 2013.
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CHAPTER FIVE
EFFECTS OF ROOTSTOCK AGE AFTER FATTY ALCOHOL TREATMENT ON
GRAFTED WATERMELON SCION FIELD PERFORMANCE ASSOCIATED WITH
PLANT GROWTH, DEVELOPMENT, AND FRUIT YIELD AND QUALITY
INTRODUCTION
Worldwide, over six million acres of watermelon [Citrullus lanatus (Thunb)
Matsum and Nakai] are grown each year (Maynard 2001). In many Asian countries, the
majority of the watermelon acreage uses grafted transplants (Lee et al., 2010)
Commercial production of grafted watermelon began in Japan in the 1920s and, since the
1980s, grafted watermelon began to be grown throughout East Asia, Europe, the Middle
East, and Australia (Davis et al., 2008). In Japan, 95.7 % of watermelons produced are
grafted (Sakata et al., 2007), and the percentage reaches or is near 100% in Korea and
Japan (Lee et al., 2010). In 2010, grafted watermelons made up 48% and 10% of total
watermelon production in Spain and Italy, respectively (Lee et al., 2010). Adoption of
grafted watermelon transplants has not been successful as of yet in the United States
because of the higher cost, increased labor requirements, available land for rotation,
production inefficiencies, and lack of facilities associated with grafted transplants (Choi
et al., 2002; King et al., 2010; Memmott and Hassell, 2010).
Rootstock fatty alcohol treatments have decreased the labor required for
managing rootstock regrowth, increased the efficiency of current grafting methods, and
made possible, new, more efficient grafting methods (Daley et al., 2014). Treating
cucurbit rootstock seedlings with fatty alcohol has been used to control meristematic
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rootstock regrowth, thus reducing the labor required for grafted transplant production
(Hassell et al., 2014). Over time after treatment, rootstocks begin to accumulate
carbohydrates, especially starch, because of the lack of a growing point (Daley and
Hassell, 2013). This starch increase has been shown to provide energy that increases
graft success and transplant re-rooting (Daley et al., 2014). Increased rootstock
carbohydrate reserves also allow for the success of a new grafting method without the
cotyledons (Daley et al., 2014). By decreasing the cost and increasing the efficiency of
cucurbit grafting methods, the rootstock fatty alcohol treatment should facilitate the
adoption of grafted plants in U.S. production.
Currently, there has been no research on the effects of rootstock fatty alcohol
treatments on the field performance of transplants. Thus, this experiment was designed
to determine whether the carbohydrate accumulation, resulting in higher quality
transplants, conferred an advantage in plant growth and yield of transplants while in the
field.
MATERIALS AND METHODS
Plant Material and Growing Conditions
Two rootstock genotypes were chosen: bottle gourd cv. Emphasis (Syngenta
Seeds, Boise, ID) and interspecific hybrid squash cv. Carnivor (Syngenta Seeds, Boise,
ID). Seeds were sown in 72-cell plug trays—cell depth: 5.715 cm, cell bottom diameter:
2.54 cm and cell top diameter: 3.962 cm (TLC Polyform, Inc. Minneapolis, MN)—using
a fertilizer-free, soilless mix (76% sphagnum peat, 25% perlite) (Sun Gro Horticulture,
Agawam, MA). No additional fertilizer was applied throughout the experiment. Seeds
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were planted following standard greenhouse production practices (Rutledge, 2009).
Plants were grown in a double-layer polyethylene greenhouse covered with 6-mil Klerk’s
K50 Clear (Klerks Hyplast, Inc. Chester, SC).
Fatty Alcohol Treatment and Grafting
When the cotyledons had unfolded, but not expanded (approximately 6-8 days for
‘Carnivor’ rootstock, and 8-10 days for ‘Macis’ rootstock) seedlings were individually
treated with 20 µL 6.25% Fair 85 (Fair Products, Inc. Cary, NC) fatty alcohol applied to
the meristem of the rootstock, as described by Daley and Hassell (2014). Rootstocks
were held in the greenhouse for 1, 7, 14, or 21 days following treatment before grafting.
Rootstock seeding and treatment dates were scheduled weekly so that all grafting
occurred on the same date. ‘Tri-X 313’ (Citrullus lanatus var. lanatus) (Syngenta Seeds
Boise, ID) was used as scion, and seeds were sown, following growing procedures
outlined by Hassell and Schultheis (2002), on the same day as the 14-day rootstocks.
This timing was to ensure that the scion age was the same for all treatments. Grafting
was performed using the one-cotyledon method, as described by Hassell et al. (2010),
with the hypocotyl extracted from the roots. After seven days in the healing chamber,
grafted plants were removed and allowed to grow in the greenhouse for one week.
Field Planting
Field transplanting occurred on 1 May and 1 August, 2013. The experiment was
set up as a randomized complete block design replicated 5 times. Plots were 30 feet in
length, nine-foot center spacing and three-foot in-row spacing between plants. Each plot
consisted of 12 plants, and the experiment was repeated twice in the summer and fall of
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2013. Fields were located at the Clemson University Coastal Research and Education
Center in Charleston, South Carolina (GPS location: lat. 32°47’37’N, long. 80°03’54’W)
(Google Earth, 2008). Soil type was Yonges loamy fine sand (Thermic Typic
Endoaqualfs). The field selected was free from Fusarium wilt (Fusarium oxysporum fsp.
Niveum) and had not been in watermelon production for six years.
Data Collection
Five weeks after field transplanting, just before fruit set, two plants per plot were
harvested and weighed to determine plant growth. Fresh weights were taken using a
Sartorius A 120 S Analytical Scale (Data Weighing Systems, Inc. Elk Grove, IL). After
measurements were recorded, plants were dried individually for one week at 23.9° C
using a Napco 320-6 1000 Series Incubator (Napco Industrial Partner Richardson, TX).
Upon removal from drier, dry weights were recorded. Harvest data was collected from
the ten remaining plants per plot. Three harvests, each a week apart, were conducted for
each of the summer and fall trials. For each harvest, fruit weight and number of fruit
were recorded.
Data were analyzed using a linear mixed model in the fit model platform of JMP
Pro 10 (SAS Institute Inc., Cary, NC, 1989-2013). The model was a factorial model
between the fixed effect of day after treatment, and the random effect of planting date.
Each rootstock-planting date combination was analyzed separately. Mean comparisons
were performed using Fisher’s Protected Least Significant Difference test, with P ≤ 0.05
recognized as significant throughout.
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RESULTS
Plant Growth
In both the April and August plantings, there was a significant effect of day on
aerial tissue fresh and dry weights (Table 1). In the April planting, no significant fresh
weight differences were observed between 1-day ‘Carnivor’ rootstock and the ungrafted
scion; however, fresh weights of 7-day and 14-day ‘Carnivor’ rootstock (133.1 and 136.1
g, respectively) were significantly greater than the control (Table 2). Similarly, in the
April trial, all grafted plant dry weights were significantly greater than the ungrafted TriX 313 ungrafted plants. There were no significant differences in dry weights between the
rootstock age treatments (Table 2). In the August trial, plant growth response followed
the opposite trend: With the exception of 14-day ‘Carnivor’ rootstock, which was not
significantly different from the control, mean fresh and dry weights of the ungrafted
control plants (528.3 g) were significantly greater than those grafted onto treated
rootstock (Table 2).
There were no significant differences between any rootstock ages in fresh weight
of scion growth of Tri-X 313 plants grafted onto ‘Macis’ rootstock; however, fresh
weights of all grafted plants were significantly greater than the ungrafted control (Table
2). With the exception of 21-day ‘Macis’ rootstock, dry weights of all rootstock ages in
the April trial were significantly greater than those of the ungrafted control (Table 2). In
the August planting, there were no significant differences in fresh or dry weights between
treatments.
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Fruit Yield
Preliminary analysis indicated no significant differences in the three harvests, so
the harvest data was combined and analyzed together. During the August trial, there was
a significant effect of day on number of fruit harvested per plot in ‘Carnivor’ rootstock.
However, there were no other significant effects of day on average fruit weight or total
fruit number harvested for both rootstocks (Table 1). In the April planting, 16-20 fruit
per plant were harvested when ‘Carnivor’ was used as a rootstock, and average fruit
weights were about 13 lbs (Table 3). In the August trial, however, the ungrafted control
produced a significantly greater number of fruit than the grafted plants (Table 3). With
the exception of 21-day rootstock, which produced significantly smaller fruit, there was
no difference in fruit weight between the grafted and ungrafted plants in the August trial
(Table 3).
In the April and August trials, there were no significant differences in fruit
number between watermelon plants grafted onto ‘Macis’ rootstocks and the ungrafted
controls (Table 3). Similarly, there were no significant differences in average fruit
weight between treatments in April planting of ‘Macis’ rootstocks. However, in the
August trial, average fruit weights of the ungrafted control plants were significantly
greater than 1-day and 21-day rootstocks. Fruit weights produced by rootstocks that were
7 and 14 days after treatment were not significantly different from the control.
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DISCUSSION
Plant Growth
Previous studies on rootstock fatty alcohol treatments determined that cucurbit
rootstocks accumulate carbohydrates, especially starch, over 21 days after treatment
(Daley and Hassell, 2013). The greatest amounts of starch observed in interspecific
hybrid Cucurbita rootstocks occurred between 7 and 14 days after treatment, and at 14
days in bottle gourd rootstock (Daley and Hassell, 2013). This starch accumulation
translated into increased grafting success and transplant rooting (Daley and Hassell,
2013); however, accumulated starch did not affect the performance of plants in the field.
This data indicates that, once transplanted in the field, grafted transplants are able to
equalize growth and overcome quality differences between transplants.
In the spring planting, the growth of the grafted transplants was greater than the
ungrafted, indicating that grafted plants are more tolerant to abiotic stresses than
ungrafted. In the April trial, average soil temperatures were 18° C, which is the
minimum temperature for watermelon growth (Korkmaz and Dufault, 2001). Rootstock
material has previously been shown to thrive at lower temperatures than are optimal for
watermelon growth (Yetişir and Sari, 2004), and grafting onto these rootstocks can
increase cold tolerance of watermelon (Alan et al., 2007; Rivero et al., 2003). However,
the advantage conferred by grafting was not evidenced in the summer planting, as the
abiotic stresses were lessened by the warm temperatures and adequate moisture,
indicating that there is only an advantage to using grafted plants when stresses are
present.
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Fruit Yield
Although the differences were not significant, fruit number and fruit weights
harvested from the spring planting were greater in the grafted plants than the non-grafted,
suggesting that grafted plants may confer an advantage during times of greater stress.
However, these differences were reversed in the fall planting, with non-grafted plants
producing greater yields than the grafted treatments. This suggests that there is not an
advantage to growing grafted plants in seasons when fewer stresses are put on the plants
with respect to fruit harvest in a non-infected Fusarium field.
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Table 5.1. P-values from ANOVA tablesz on the effect of rootstock age (days after fatty alcohol treatment) on plant fresh and dry
weightsy, number of fruit harvestedx, and average fruit weight.
Number of Fruit
Plant Fresh Weight
Plant Dry Weight (g)
Harvested (Per Plot)
Response
‘Carnivor’
‘Macis’
‘Carnivor’
‘Macis’
‘Carnivor’
‘Macis’
0.0052*
April Planting
0.0158*
0.0009*
0.8055
0.8527
w
0.0001*
August
0.0339*
0.9066
<0.0188*
<0.0001*
0.0010*
0.2304
z
Planting
In all analyses, degrees of freedom = 4
y
Plant weights were taken before fruit set, at 5 weeks after transplanting in the field
x
Ten plants per plot, replicated five times
w
P ≤ 0.05 recognized as significant
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Average Weight of Fruit
Harvested (lbs)
‘Carnivor’
‘Macis’
0.2359
0.6649
0.2346
0.1204

Table 5.2. Effect of rootstock agez (days after fatty alcohol treatmenty) on Tri-X 313 watermelon scion plant growthx five
weeks after field plantingw
Fresh Weights
Dry Weights
‘Carnivor’
‘Macis’
‘Carnivor’
‘Macis’
Rootstock
Treatment
April
August
April
August
April
August
April
August
Controlv
36.5 cV
528.3 a
36.5 c
528.3 a
4.3 b
54.4 a
4.3 b
54.4 a
1 Day
82.3 bc
346.3 b
146.1 ab
476.0 a
11.3 a
35.0 b
14.1 a
45.1 a
7 Days
133.1 ab
397.3 b
137.5 ab
510.1 a
14.3 a
38.7 b
15.8 a
53.2 a
14 Days
136.1 a
436.5 ab
168.7 a
488.1 a
13.8 a
43.8 ab
15.3 a
49.8 a
21 Days
84.7 bc
370.8 b
124.7 b
528.1 a
8.8 ab
39.7 b
13.1 a
55.7 a
z
’Carnivor’ and ‘Macis’ rootstocks were grafted at 1, 7, 14, and 21 days after fatty alcohol treatment.
y
20 µL 6.25% fatty alcohol emulsion was used as rootstock treatment.
x
Aerial parts of plant were harvested, and fresh and dry weights recorded.
w
Grafted plants were planted in the field on 1 April, 2013 and 1 August, 2013
v
Ungrafted Tri-X 313 scion that was allowed to root and develop as a transplant. Scion age was the same for all rootstock
age treatments.
u
Different letters within each column represent significantly different means based on Fisher’s Protected Least Significant
Difference test (P ≤ 0.05)
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Table 5.3. Effect of rootstock agez (days after fatty alcohol treatmenty) on Tri-X 313 watermelon fruit yields in Spring and
Fall 2013 plantings.
Number of Fruit Harvested per plotx
Average Fruit Weight (lbs)
‘Carnivor’
‘Macis’
‘Carnivor’
‘Macis’
Days After
Treatment
April
August
April
August
April
August
April
August
v
u
Control
19.4 a
16.2 a
19.4 a
16.2 a
12.41 b
9.16 a
12.41 a
9.16 a
1
17.6 a
10.0 b
23.4 a
12.2 a
12.95 ab
7.79 ab
13.17 a
7.69 b
7
17.6 a
8.6 b
22.2 a
13.6 a
13.56 ab
8.41 ab
13.14 a
8.52 ab
14
20.6 a
7.6 b
21.4 a
12.2 a
13.63 ab
7.72 ab
13.39 a
8.81 ab
21
16.0 a
10.8 b
21.0 a
12.2 a
14.83 a
7.31 b
12.50 a
7.66 b
z
’Carnivor’ and ‘Macis’ rootstocks were grafted at 1, 7, 14, and 21 days after fatty alcohol treatment.
y
Rootstocks were treated with 20 µL 6.25% fatty alcohol emulsion.
x
10 plants per plot, replicated 5 times
w
Grafted plants were transplanted in the field on 1 April, 2013 and 1 August, 2013
v
Ungrafted Tri-X 313 control scion that was allowed to root and develop as a transplant. Scion age was the same for all
rootstock age treatments.
u
Different letters within each column represent significantly different means based on Fisher’s Protected Least Significant
Difference test (P ≤ 0.05)
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